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Long-term time-lapse multimodal intravital imaging
of regeneration and bone-marrow-derived cell

dynamics in skin

Benedikt W. Graf"?, Eric J. Chaneyl, Marina Marjanovicl, Steven G. Adie', Michael De Lisio'?,
M. Carmen Valero', Marni D. Boppart' & Stephen A. Boppart’>*

A major challenge for translating cell-based therapies is understanding the dynamics of cells and cell populations in complex in vivo
environments. Intravital microscopy has shown great promise for directly visualizing cell behavior in vivo. However, current methods
are limited to relatively short imaging times (hours), by ways to track cell and cell population dynamics over extended time-lapse
periods (days to weeks to months), and by relatively few imaging contrast mechanisms that persist over extended investigations.
We present technology to visualize and quantify complex, multifaceted dynamic changes in natural deformable skin over long

time periods using novel multimodal imaging and a non-rigid image registration method. These are demonstrated in green fluorescent
protein (GFP) bone marrow (BM) transplanted mice to study dynamic skin regeneration. This technology provides a novel perspective
for studying dynamic biological processes and will enable future studies of stem, immune, and tumor cell biology in vivo.

INNOVATION

The technological innovations presented in this study are highly
enabling, and overcome major limitations in imaging the dynamics
of cells and cell populations in vivo. To expand image information
content by way of multiple contrast mechanisms, an integrated,
multimodal microscope system is used to provide spatially co-
registered image data from multiple structural, functional, and
molecular optical imaging modalities. The multimodal microscope
features three-dimensional co-registered two-photon excited fluo-
rescence (TPEF), second harmonic generation (SHG), and structural
and microvascular optical coherence tomography (OCT) imaging,
which enable BM-derived cells and their microenvironments to be
visualized in vivo. Unique to enable long-term, time-lapse imaging, a
novel non-rigid registration algorithm and approach was developed,
demonstrated, and quantitatively evaluated for deformable skin
tissues, for imaging cell dynamics, and for several wound healing
and skin regeneration processes over a period of several months,
including collagen synthesis, angiogenesis, structural repair, and
wound contraction biomechanics.

INTRODUCTION

Intravital imaging technology has enabled key insights in cell biology
research, particularly in the area of immunology for understanding
the dynamic behavior of immune cells'. Despite this success, the ap-
plication of this technology to a broader range of research areas is
hampered by several challenges. Compared to in vitro environments,
such as 2D culture plates, in vivo tissue consists of many interconnected

cellular and extracellular components which interact to influence the
biological process under study. The generation of sufficient contrast to
provide a comprehensive view of these tissue components in vivo
represents a significant technical challenge. Although several optical
imaging modalities have been developed that are suitable for in vivo
imaging of intact tissue, such as reflectance confocal microscopy’, two-
photon excited fluorescence (TPEF) microscopy3 4 second harmonic
generation (SHG) microscopy’ and optical coherence tomography
(OCT)®, the contrast generated by each modality alone often provides
a limited view of the tissue under study. Since many of these imaging
techniques rely on different contrast mechanisms, multimodal ap-
proaches have the potential to provide a more comprehensive view of
tissue’ .

Multimodal optical imaging techniques including optical coher-
ence microscopy, multiphoton microscopy, and fluorescence lifetime
imaging microscopy have previously been used for structural and
functional imaging of engineered and natural in vivo human skin''.
Fast OCT/OCM imaging of in vivo human skin has demonstrated
the potential for dynamic in vivo scattering-based cytometry
measurements of individual flowing blood cells within skin capillary
loops'?. Protocols have been established for multimodal imaging of
skin wounds and BM-derived cell dynamics over a few weeks'’, as
well as to help reveal the presence and contributions of BM-derived
cells in skin grafts in murine animal models'?. These earlier studies,
however, have not utilized non-rigid image registration approaches
across all modalities to enable long-term time-lapse imaging in de-
formable skin tissue and facilitate the investigation of the complex
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dynamics of wound biomechanics and contraction in vivo. The
deformable nature of skin, while presenting a challenge for dynamic
cell imaging, also presents a potentially diagnostic metric. OCT,
optical coherence elastography, and other multimodal optical ima-
ging techniques have also been developed for assessing skin bio-
mechanics with high-resolution'*'®.

A significant challenge for in vivo imaging studies is the long time
scales over which many biological processes, including regeneration
and tumorigenesis, occur. The majority of intravital imaging studies
are limited to continuous imaging of dynamic events that occur over
several hours or less. Algorithms have also been developed for
correcting the presence of motion artifacts in real-time microscopy
applications'”. Methods for tracking long-term changes in in vivo
animal experiments have typically been limited to rigid tissues, such
as bone marrow'®'?, or require the use of surgically implanted
imaging windows*>*'. To broaden the range of tissues which can be
used for such experiments, and to avoid the need for such highly
invasive implants, methods for long-term imaging in deformable
natural tissue environments are needed. In rigid environments,
registration of images between sessions is either not necessary or is
limited to a simple rigid registration which only considers a single
rotation, scaling and translation”'. Such approaches are generally
not suitable for time-lapse imaging in natural tissue environments
that may be highly flexible and deformable, such as skin. The non-
rigid changes that can occur between imaging sessions must be
accounted for in order to track the same tissue site over several days
or months, as well as for separating the small-scale movement and
dynamics of single cells from the larger-scale changes due to tissue
deformation. Non-rigid registration is commonly used in medical
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applications with modalities such as magnetic resonance imaging
(MRI) and X-ray computed tomography (CT)**, but have yet to be
employed for long-term observation of cellular and tissue dynamics
in vivo.

In this paper, we demonstrate the ability to visualize and quantify
complex, multifaceted dynamic changes during regeneration in skin
over long time periods. These methods are based on a multimodal
imaging technique combining three-dimensional (3D) TPEF, SHG,
structural OCT, and microvascular OCT imaging, in addition to a
non-rigid image registration method that utilizes hair follicle pos-
itions as landmarks. We utilize these methods for imaging the
dynamics of bone marrow (BM) derived cells and their micro-
environments during regeneration in green fluorescent protein (GFP)
BM transplanted mice over several months. BM-derived cells are
known to play a key role in cutaneous regeneration by contributing
immune cells during inflammation. Recently, several studies have
suggested that BM can also contribute a range of non-inflammatory
cell types™ %, such as mesenchymal stem cells’® and keratino-
cytes”*®, These cells have profound therapeutic potential and there
is strong motivation for understanding their regenerative capacity
and the factors that influence their recruitment to peripheral tissue.

Much of the evidence of BM cell contribution to skin regeneration
comes from studies based on histological analysis of excised
tissue®® . As skin regeneration consists of many different processes
occurring simultaneously over many weeks, and even months to
years, these methods are greatly limited in that they can only analyze
single time points following a wound. Methods for studying the
dynamics of BM-derived cells and their microenvironments in vivo
have the potential to provide new insight into the functional role of

Figure 1 Multimodal imaging of the ear skin in a GFP BM-transplanted mouse 10 days following an excisional wound. (a) En face structural OCT section
showing individual hair follicles and the wound site (red dashed box). Cross-sectional image in the inset shows various layers of the skin at the position of
the yellow dashed line. (b) Projection of the OCT phase variance volume along the axial dimension showing the microvascular network. (¢) Wide-area SHG
mosaic of collagen. The central dark region represents the wound while the hair follicles appear as smaller dark regions. (d) Wide-area TPEF mosaic of the
GFP-expressing BM-derived cells in the skin and a magnified view of individual GFP cells. (e) En face and cross-sectional images of the four modalities
overlaid. The cross-sectional image (bottom) was extracted from the 3D volume along the position indicated by the yellow dashed line in (e). Scale bars are

250 pm.
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BM cells as well as the conditions under which they can contribute
to skin regeneration.

The multimodal imaging technique and long-term imaging
methodology presented in this paper allow the dynamics of BM cells
to be correlated with various biological processes including struc-
tural repair, collagen deposition and remodeling, angiogenesis, and
wound contraction. These methods provide novel insight into the
dynamic process of BM-derived cell contribution to regeneration
and more generally, will enable complex, multifaceted biological
process to be visualized in vivo for a broad range of applications.

RESULTS

Multimodal skin imaging in vivo

We have developed a multimodal microscope which enables co-
registered TPEF, SHG, structural OCT and microvascular OCT
imaging (Supplementary Fig. 1). We utilized this microscope for
in vivo 3D imaging of full thickness excisional wounds in the skin of
GFP BM transplanted mice. OCT visualizes structural features based
on optical scattering properties (Fig. 1a) and is particularly well-
suited for resolving the different skin layers, including the epidermis,
dermis, and subcutaneous fat. OCT phase variance’”*" provides a
view of the microvasculature based on the dynamic motion of blood
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flow (Fig. 1b). As this method makes use of intrinsic contrast, it
provides a significant advantage over other microvascular imaging
techniques, such as TPEF, that often require injection of contrast
agents (Supplementary Note 1). SHG imaging visualizes the col-
lagen matrix in the dermis of the skin and provides a view of the
individual hair follicles, in addition to the collagen reorganization
within the wound (Fig. 1c). TPEF imaging allows individual BM-
derived GFP expressing cells to be detected in the skin (Fig. 1d).
Two-photon generated auto-fluorescence background from hair
shafts is subtracted from volumetric TPEF data using a segmentation
procedure (Supplementary Fig. 2).

The combination of these modalities allows a wide range of
complementary information about living skin to be obtained non-
invasively. While TPEF and SHG provide high resolution details in
the upper regions of the skin, OCT provides full thickness imaging
of the structure and microvasculature of the skin in murine models.
Overlaying these modalities allows the microenvironments of indi-
vidual GFP cells to be visualized in 3D (Fig. le). Most importantly,
this multimodal imaging combination is non-invasive and does not
require the use of exogenous contrast agents, making it suitable for
repeated imaging to observe dynamics that occur during skin re-
generation, and in the future, making it possible to perform similar
skin imaging studies in humans.
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Figure 2 Non-rigid registration of time-lapse skin images based on hair follicle matching. (@) SHG image mosaics of dorsal mouse skin before and 6 hours
after a 1.0 mm excisional wound (red arrow). Yellow crosses and dots indicate a pair of corresponding follicles and their closest neighbors, respectively. The
spatial patterns of the neighboring hair follicles are used to uniquely identify and match follicles. (b) Block diagram of the registration algorithm. (c,d)
Evaluation of affine and non-rigid transformations, respectively. Magnified view of the colored overlays of the mosaics in the region of the dark boxes
demonstrates improved alignment of the hair follicles with non-rigid transformation. Improved correlation with the non-rigid transformation is demon-
strated quantitatively by the joint histogram and mutual information (MI) metric (top right). The grid images (bottom right) are a representation of the
transformed coordinates. (e) Wound contraction map calculated from the non-rigid transformed coordinates showing regions of the wounded skin that
have been stretched and contracted between the two time-points. The highly non-rigid nature of the transformation is apparent. Note the dark region in the
upper left corner of (a) is the result of an air bubble on the skin surface. It is unrelated to the dark wound region in (b). Scale bars are 250 pm.
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Non-rigid registration of time-lapse skin images

The major challenge for long-term tracking of natural wound
healing and skin regeneration is that significant mechanical distor-
tions or deformations can occur between imaging sessions. These
non-rigid changes are due to both the flexible nature of the skin as
well as the contraction of the wound that is inherent during healing.
To account for these changes, we have developed a non-rigid
registration algorithm that utilizes hair follicles as landmarks. This
algorithm exploits the inherent diversity in the spatial patterns of
hair follicle positions to uniquely identify and match individual
follicles between two images at different time-points. While follicles
(as seen in the SHG images) are essentially identical in appearance,
their spatial positions relative to neighboring follicles is unique and
preserved between imaging sessions (Fig. 2a). Hair follicle regen-
eration is a relatively rare process’', and throughout the extended
time-lapse study, there was no detectable change in the number or
appearance of the follicles that were used as landmarks. The regis-
tration procedure (Fig. 2b) consists of detecting hair follicle pos-
itions in the SHG images followed by an iterative procedure of
finding hair follicle matches and updating the grid transformation.
Once all possible matches are identified, the grid transformation
between two images can be utilized to align the images between time
points by non-rigid warping.
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Non-rigid registration provides a significantly improved align-
ment of the images compared to simpler methods of registration
based on a linear transformation of grid coordinates. Comparing
non-rigid transformation with the best approximated affine trans-
formation (Fig. 2c¢), it is apparent that the affine transformation
provides a coarse alignment but fails to accurately align the images
on the microscopic scale. Improved alignment between the image
subregions in the non-rigid case is quantified by calculating the
mutual information (MI) metric from the joint histograms as a
measure of the correlation between the images. The extent of the
non-rigid mechanical deformation is apparent by calculating the
change in pixel area of the transformed image (Supplementary
Fig. 3). The resulting deformation map (Fig. 2d) shows areas of the
skin after wounding that have been stretched or compressed relative
to the reference time point. This demonstrates another significant
advantage of performing non-rigid registration, namely the ability to
quantitatively assess wound biomechanics, such as contraction, and
visualize its spatial arrangement.

Time-lapse imaging of skin regeneration
The combination of multimodal imaging and non-rigid image
registration allows several fundamental skin regeneration processes,

Figure 3 Multimodal, time-lapse sequence of cutaneous wound healing processes. (@) Axial projections of the SHG volumes showing scab formation (red
arrow) and synthesis of new collagen. (b) Axial projections of the TPEF volumes showing the dynamics of the BM-derived, GFP-expressing cell populations.
(¢) En face sections from the dermis layer of the structural OCT volume, showing closure of the wound region (area within the green outline). (d) Axial
projections of the microvascular OCT volume showing the growth of the microvascular network. Area within the green outline indicates region lacking blood
vessels. (e) Wound contraction maps calculated relative to the initial time point showing that wound contraction stabilizes by 4 weeks. Scale bars are
500 um.
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in addition to BM-derived cell dynamics, to be visualized in vivo
over a period of several months (Fig. 3, Supplementary Video 1%).
Following a ~250 um excisional wound made in the ear skin of a
GFP BM transplanted mouse, multimodal imaging was performed
periodically at the same skin site. Non-rigid registration of the time-
lapse images corrected mechanical distortions between time points,
enabling visualization and quantification of dynamic changes during
the entire image sequence.

The sequence of SHG images (Fig. 3a) shows the formation of a
scab from the injured skin regions following wounding. Following
the natural loss of the scab at Day 8, the SHG signal gradually
increases over the remaining weeks as new collagen is synthesized
in the wound bed. The population dynamics of the BM-derived
GEFP cells (Fig. 3b) show two noticeable trends. First, within the
wound site, there is initially a dramatic influx of cells, most likely
due to inflammatory cells such as neutrophils and macrophages.
Many of these cells eventually form part of the scab, giving rise to its
strong fluorescence. In the regions surrounding the wound site, the

second noticeable trend is a gradual increase in the cell density
which peaks around 3 weeks. While the significance of this trend is
not clear, it is important to note that observing such dynamic
behavior is a primary advantage of in vivo imaging over standard
histological methods. In addition to the macroscopic cell population
dynamics, distinct cellular morphologies are apparent at different
time points (Supplementary Fig. 4) which suggests different func-
tional behavior of the cells or the presence of different cell types
contributing to skin regeneration. The OCT structural sequence
(Fig. 3¢) visualizes the formation of the wound bed and the closure
of the wound. The formation and loss of the scab is also apparent.
The microvascular OCT sequence (Fig. 3d) demonstrates angio-
genesis following the disruption of the microvascular network due to
wounding. Finally, the wound contraction sequence (Fig. 3e)
demonstrates that the contraction of the wound fully develops
between 3—4 weeks. The apparent expansion of the wound at
Day 3 in this sequence is an artifact due to the presence of the scab
at that time. Over the time period observed, the wound failed to
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Figure 4 Quantitative analysis of wound healing processes and BM-derived cell population dynamics. (a) Plot of wound closure, angiogenesis, collagen
synthesis, and wound contraction as calculated from structural OCT, microvascular OCT, SHG, and non-rigid registration data, respectively (line color
corresponds to modality color scales used in Fig. 3). Wound closure and angiogenesis are measured as the relative change in area of the wound size in the
structural OCT images and the gap in the microvascular network in the microvascular OCT images, respectively. Collagen content is calculated as the
average intensity within region 1 relative to the average intensity in region 2 of the sample SHG image. Contraction of the wound region is measured as the
average value within the region shown on the sample contraction map. (b) Relative measure of GFP cell density based on average signal intensity within
and surrounding the wound site (region 1 and 2 in the sample TPEF image, respectively).

aSupplementary Video 1 can be viewed at http://www.worldscientific.com/doi/suppl/10.1142/52339547813500027
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heal fully and the contraction remained fully developed. This out-
come is likely due to the severity and thickness of the excisional
wound.

Quantitative measures of skin regeneration processes (Fig. 4a)
and the dynamics of the BM-derived cell populations (Fig. 4b) are
calculated from the registered time-lapse image data. TPEF and SHG
images are quantified by taking the average signal within manually
selected regions of interest throughout the depth of the 3D volumes.
Average signal within the wound and a region surrounding the
wound is calculated for TPEF and SHG. The average signal within
the regions is a relative measure of cell density for TPEF and a
relative measure of the collagen content for SHG. The OCT struc-
tural and microvascular data are quantified for each time point by
manually defining the regions of the wound and the area lacking a
microvascular network, respectively. The wound contraction is
quantified by taking the average value of the contraction map within
the wound region.

Single cell tracking

Individual BM-derived cells in the skin exhibit a range of dynamic
temporal behavior (Supplementary Video 2°). The non-rigid
registration method enables tracking of single cell dynamics in a
natural skin environment over extended time periods. As continuous
intravital microscopy studies of single cell dynamics have been
limited by practical considerations to several hours™’, this represents
a significant and new capability for studying long-term single cell
dynamics. Figure 5 demonstrates time-lapse imaging of the acti-
vation of a cluster of Langerhans cells (Supplementary Note 2) in
the dorsal skin following a full thickness excisional wound in the
vicinity. These cells are identified on the basis of their unique
morphology and location within the epidermis of the skin®. A large
number of these cells undergo a reorganization of their morphology
over a 12 hour time period and migrate from their initial locations

T3 = 1Zhéurs

by 24 hours. This is to our knowledge the first in vivo time-lapse
imaging of the activation of individual Langerhans cells.

In this paper we demonstrate long-term time-lapse in vivo imaging
of complex, multifaceted biological processes in a natural, deform-
able tissue environment using a multimodal imaging technique and
novel non-rigid image registration method. The ability to observe
such processes in the same animal represents a significant advantage
over previous methods, which require the use of many animals;
sacrificing them at various time points for histological analysis.
These traditional methods provide an indirect view of long term
dynamic changes and are thus prone to errors in interpretation. In
addition, histological methods are often limited in the ability to
observe multiple features of tissue, and processing wide areas of
tissue for many samples can be prohibitively time-consuming. Our
methods leverage multimodal, volumetric, non-invasive imaging
along with precise co-registration of time-lapse data to enable a
novel view of fundamental biological processes in natural tissue
environments in vivo. This imaging capability complements tra-
ditional methods and has the potential to enable new insights into
the role and dynamics of BM-derived stem and immune cells during
tissue regeneration. In this paper, imaging the skin following cu-
taneous wound healing in GFP-BM transplanted mice allows several
regeneration processes, in addition to BM-derived cell population
dynamics, to be simultaneously tracked over a period of several
months. These biological processes, which include structural repair,
collagen synthesis and reorganization, angiogenesis, mechanical
tissue contraction, and cell dynamics, are relevant for other research
applications beyond skin regeneration. For example, remodelling of
collagen® and angiogenesis® are also critical dynamic events in
tumor development that occur over long time periods.

A key requirement for visualizing dynamic changes in vivo is that
the imaging techniques must be non-invasive. The combination

Figure 5 Time-lapse imaging of Langer-
hans cells, showing their activation over
24 hours following a cutaneous wound
located approximately 300 um away. (a)
High magnification TPEF images of the
two cells indicated by the red arrows in
(b) showing the change in morphology
during their activation in the first three
time points. The morphology transforms
from having many extensions for sensing
the extracellular environment for anti-
gens to an amorphous shape suitable for
migration. (b) Magnified views of the cell
clusters indicated by the red boxes in the
wide-area SHG and TPEF images, show-
ing the morphological change and
eventual disappearance of many of the
Langerhans cells in response to the
wound. This behavior is consistent with
the known function of Langerhans cells
and suggests that many of the cells have
migrated from the skin to the lymph
nodes. Scale bars are 150 um.

bSupplementary Video 2 can be viewed at http://www.worldscientific.com/doi/suppl/10.1142/52339547813500027
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of TPEF, SHG, structural OCT, and microvascular OCT imaging of
skin used in this study attempts to maximize the use of available
intrinsic contrast. Compared to any modality alone, this multimodal
approach provides a significantly more comprehensive view of the
skin and the dynamic changes occurring at the cellular level. The
non-rigid registration method presented in this paper enables
tracking of long-term dynamics in natural skin in the presence of
significant mechanical deformations. While the algorithm presented
is based on matching local patterns of hair follicles in skin, the
general principles are suitable for other tissue types which have
repeatable structural features (such as colonic crypts or rods and
cones in the retina). Due to the inherent challenges of in vivo time-
lapse microscopy, a majority of intravital imaging studies have
focused on short term cell dynamics over a period of hours®.
Tracking long-term dynamic changes has been limited to rigid
tissues'®'” or surgically implanted imaging windows”**'. Non-rigid
registration improves the feasibility of time-lapse imaging in a
broader range of soft, deformable, tissue types. In conclusion, the
multimodal time-lapse imaging methods presented in this paper are
powerful tools which promise to broaden the range of applications
for intravital imaging in cell biology research. These methods will
also facilitate the study of stem, immune, and tumor cell behavior
in vivo, and ultimately will not only drive new biological discovery,
but will also enable translation of diagnostic and therapeutic ap-
proaches to clinical applications.
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MATERIALS AND METHODS

Multimodal microscope

The multimodal microscope was a custom-built integrated multi-
photon microscope (MPM) and optical coherence tomography
(OCT) system. The schematic of the microscope is shown in
Supplementary Fig. la. The system uses a dual spectrum laser
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source based on a tunable titanium:sapphire laser (Mai Tai HP,
Spectra Physics) which has been previously reported®. The nar-
rowband laser beam was split into two portions, one used for MPM
directly and the other for OCT following spectral broadening via
supercontinuum generation in a photonic crystal fiber’’. For
maximal excitation of GFP, the center wavelength of the laser was
set to 920nm, resulting in a 90 nm bandwidth in the super-
continuum broadened beam. The spectral-domain OCT system was
based on a free-space interferometer and a custom-built spec-
trometer in the detection arm. The MPM and OCT beams were
recombined in the sample arm with a polarizing beam splitter and
focused in the sample with an objective lens. Two galvanometer
scanning mirrors and two relay telescopes enabled raster scanning of
the laser beam across the sample. A dichroic mirror diverted the
TPEF and SHG signals from the sample, which were subsequently
detected by a pair of photo-multiplier tubes (PMTs).

TPEF/SHG and OCT datasets were acquired sequentially. The
sample arm optics located within the dashed box in Supplementary
Fig. 1a were interchangeable for switching between high numerical
aperture (NA) for TPEF and SHG and low NA for OCT. The det-
rimental effect of significant coherence curvature was also corrected
computationally’®. TPEF and SHG images were acquired simul-
taneously using ~3.5X beam expanding telescope and a 0.95 NA
objective lens (XLUMP20X, Olympus). The axial and transverse
resolution for TPEF and SHG was 0.8 um axial and 0.5 um, re-
spectively. Single images consist of 256 by 256 pixels and the field of
view was typically 380 um. A motorized stage enabled the acqui-
sition of wide-area mosaics. For OCT, a 1X telescope was used with a
40 mm focal length achromatic objective lens, giving an approximate
NA of 0.05.

Multimodal image acquisition and processing

For multimodal skin imaging, volumetric TPEF/SHG images were
acquired with dimensions of 2.1 mm by 2.1 mm by 0.15mm (x, y,
and z, respectively) using the motorized stage to scan in the lateral
and axial dimensions. Single frames were acquired in approximately
1.5 seconds. Images were acquired as 7 by 7 frame mosaics which
were stitched together in post-processing resulting in 2189 by 2189
pixel images. Volumes consisted of mosaics acquired at 18 depths
with 8 um spacing. Segmentation of auto-fluorescent hair shafts
from TPEF volumes (Supplementary Fig. 2) was achieved by apply
a threshold to the volume, identifying isolated features, and assessing
them based on their size, aspect ratio, and length. The inverse of the
resulting binary mask was multiplied to the original image volume to
remove the hair shafts.

Corresponding volumetric OCT data was acquired with dimen-
sions of 1.9mm by 1.9mm by 0.5mm (x, y, and z, respectively).
Single OCT cross-sectional frames, acquired at 15 Hz, consisted of
1500 by 200 pixels in the lateral and axial dimensions, respectively.
OCT volumes consisted of 3500 frames acquired as 7 duplicate
frames at 500 locations along the second lateral dimension. Struc-
tural OCT volumes were generated by averaging the magnitude of
the 7 duplicate frames at each transverse position. Microvascular
OCT images were generated by computing the complex variance
between adjacent frames at each transverse position, as previously
reported™.

TPEF/SHG and OCT volumes were aligned by a rigid trans-
formation of the OCT volumes. This initial calibration transform-
ation for the system was performed using a phantom or sample skin
data set. Axial offset was determined by a cross-correlation along the
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axial dimension between the structural OCT and SHG volumes.
OCT volumes were up-sampled by interpolation along the lateral
dimension and the TPEF/SHG were up-sampled by interpolation
along the axial dimension so all the image volumes had identical
sampling along all three dimensions.

Non-rigid registration of time-lapse images

To enable registration of images acquired at different time points, a
non-rigid image registration algorithm was developed. The algor-
ithm consisted of multiple steps (Fig. 2b). The first step was the
semi-automated detection of the hair follicle locations as seen in the
SHG images. A 2D en face SHG image from the 3D volume that
provided a good view of the hair follicles was chosen. This image was
filtered with a difference-of-Gaussian (DOG) kernel to detect fea-
tures at the scale of the follicles. Local maxima in the DOG image
were detected following the application of a threshold. These
maximum positions were considered as the center locations of the
follicles. Any incorrectly detected positions were removed manually
to improve the accuracy of subsequent steps of the algorithm.

After follicles in two images were located, the match quality
between each follicle in one image to each follicle in the other image
was evaluated. The match quality was based on the spatial locations
of a fixed number of neighboring follicles. The similarity between the
pairs of neighboring follicles was calculated by computing the
average position error between matching neighboring follicles
(Supplementary Methods 1). From all the comparisons made, the
matching follicles with an average error position below a threshold
were used to define an initial transformation between the two
images. The transformation was represented by a 2D thin-plate
smoothing spline for each of the image dimensions. Following the
determination of the initial transformation, new follicle matches
were assessed not only on the quality of the match as defined pre-
viously, but also on their consistency with the initial transformation.
The remaining hair follicles were matched by an iterative procedure
that added new follicle matches to the transformation model each
time a match was determined.

The transverse coordinates of an image were represented by a 2D
array of 2 element vectors containing the pixel coordinates (i.e.
T,(x,y) = {ay, by}, where x and y represent the pixels in the image
and a, and b, represent the coordinates of the pixel). The final thin-
plate smoothing spline transformation was used to compute the
non-rigid warped coordinates, T, (x,y), of the image from the
original coordinates, T, (x, y). The warped coordinates were used for
a 2D cubic interpolation to warp the images from one time point to
the reference time point so that they were registered.

Quantitative comparison of registration methods

A comparison of non-rigid and affine transformations between SHG
images was demonstrated by a joint histogram and quantified by a
mutual information (MI) metric. The joint histogram of identical
images results in a diagonal line in the joint plot, indicating perfect
correlation. Thus, images with a strong correlation will have a joint
histogram that more closely resembles a diagonal line. Mutual in-
formation is a metric that measures the dispersion of the joint his-
togram and is given by the following equation, MI =),
>y log, %, where p(x,y) is the joint histogram and p(x) and
p(y) are the marginal histograms along the x and y dimension,
respectively. Images with no correlation have an MI value of 0.
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The least-squares affine transformation was calculated from
the non-rigid warped coordinates represented in a homogeneous
coordinate system (i.e. Ty(x,y) = {a,b,,1}). The linear relation-
ship between the original and warped coordinates was given by,
T, (x,y) = AT,(x,y), where A is a 3 X 3 matrix representing the
affine transformation in a homogeneous coordinate system. The
least-squares affine transformation was determined by inverting this
relationship.

Calculation of the contraction map

Aligning images between different sessions was achieved by non-
rigid warping of one of the images (Supplementary Fig. 3b,c). This
process resulted in a deformation of the original coordinates of the
image (Supplementary Fig. 3d,e). This deformation can be quan-
tified in order to assess the degree of wound contraction. The non-
rigid registration generates a matrix describing the transformation
between two image volumes. In addition to registering the images, it
is possible to use this transformation matrix to quantify the me-
chanical distortion that occurred between the time points. This can
provide important biomechanical information about the dynamics
of wound contraction. The transformation matrix, expressed in
spatial coordinates (x,y), represents the coordinates of the image
after registration, relative to the original image coordinates T, (x, y).
The distance between any two coordinates of the image along one
dimension can be calculated by taking the difference of the coordi-
nates. To calculate the area of each pixel in the warped image, the
differential of (x,y) along the x and y dimensions was multiplied,
Pixel Area = d,T(x,y) x d,T(x, y). This process is illustrated for the
original and warped coordinates in Supplementary Fig. 3a. The
resulting contraction map from the warped coordinates, T, (x,y)
(Supplementary Fig. 3f), shows regions of the skin that had been
stretched or compressed, relative to the reference time point.

Bone marrow transplant

All animal procedures were performed under protocols approved by
the Institutional Animal Care and Use Committee (IACUC) at the
University of Illinois at Urbana-Champaign. Bone marrow was
harvested from donor male mice with global GFP expression
(C57BL/6-Tg (CAG-EGFP) 10sb/])”’. After sacrificing via CO,
inhalation, hind limb bones were dissected, cleaned, placed in
phosphate buffered solution (PBS), and crushed with a mortar and
pestle. The crushed solution was strained with a 40 micron filter and
red blood cells were lysed with an ACK lysing buffer then quenched
with PBS. Cell concentration was counted and diluted to approxi-
mately 7 x 10¢ cells/ml and kept on ice prior to transplantation.
Recipient female C57BL/6 wild-type mice were treated with radi-
ation from a cobalt-60 source (2 doses of 6 GY, administered 4 hours
apart). Donor BM cells were transplanted by tail vein injection
(150 pl, 10° cells).

Skin preparation, wounding, and in vivo imaging

Mice were anesthetized with isoflurane gas. For imaging dorsal skin,
animals were first shaved with electric clippers. For both ear and
dorsal skin, hair was carefully removed from the region to be imaged
using surgical scissors and a stereo microscope. Full thickness
excisional wounds were made using either a 1 mm punch biopsy or
manually with a fine tipped scalpel. The skin site to be imaged was
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placed against a cover slip fixed to a rigid mount (Supplementary
Fig. 1b). The whole assembly was mounted on a motorized stage for
adjusting the focal depth and acquiring wide area mosaics with
TPEF and SHG. Wounding and imaging experiments were performed
no less than 2 months after the BM-transplantation procedure.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1

Experimental setup for multimodal in vivo imaging.
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Supplementary Figure 2

Segmentation procedure for removing autofluorescent hair from 3D TPEF images.
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Supplementary Figure 1 Experimental setup
for multimodal in vivo imaging. (a) Schematic
of the multimodal microscope. Abbrevi-
ations: BS, beam splitter; DG, diffraction
grating; DM, dichroic mirror; F, low-pass fil-
ter; O, objective; P, pinhole; PBS, polarizing
beam splitter; PMT, photo-multiplier tube;
SM, scanning mirror. (b) Photo showing
placement of the ear skin against a coverslip
for imaging.

Supplementary Figure 2 Segmentation procedure for
removing autofluorescent hair from 3D TPEF images. All
images are axial projections of 3D data volume. (a) Original
TPEF image. (b) Binary mask after the hair shaft segmen-
tation procedure. (¢) TPEF image after removal of the hair
shaft features. (d) Image of the segmented autofluorescent
hair shafts. Scale bars are 200 pm.
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Supplementary Figure 3
Calculation of wound contraction maps from non-rigid image registration information.

T,(x, y) — original coordinates T, (%, y)— warped coordinates

a
dl‘m_r.”nn- p“piAw\_ dy T, (% J:ﬂﬂ- Pm]a\u A=
1,2 2,2 3,2 1,18 19,2 28,2
1,3 2,3 3,3 nnn 1,26 2,3 “nn
d_...'['op-..} i d, T (x.y)
expansion
22
20 %
1.8 o
12 8
085
2
0.4
contraction

Supplementary Figure 4
Distinct cell morphologies observed at different stages of wound healing.
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Supplementary Figure 3 Calculation
of wound contraction maps from non-
rigid image registration information.
(@) lllustration of how the original and
transformed image coordinates are
used to calculated the pixel areas. An
SHG skin image (b) before and (c)
after warping to correct for non-rigid
distortions relative to a reference
image. A grid representation of the
coordinates of the image (d) before
and (e) after warping. The non-rigid
nature of the warping is evident. (f)
The calculated contraction map
showing regions of the skin that have
contracted and expanded relative to
the reference image.

NUMBER 1

Supplementary Figure 4 Distinct cell
morphologies observed at different stages
of wound healing. (a,b) Wide-field SHG/
TPEF overlaid images of the ear skin 2 and
12 days following the wound, respectively.
(¢, d) Higher magnifications of the boxed
regions in (a) and (b) showing the TPEF
channel only. The distinct morphologies of
the BM-derived cells at these two time
points is evident and suggests different
functional behavior or cell types. Scale
bars are 250 um.
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Supplementary Note 1

OCT microvascular imaging versus TPEF. TPEF in combination
with intravascular injections of fluorescent contrast agents is a well-
known method for imaging blood vessels in small animal exper-
iments. However, the use of contrast agents has numerous dis-
advantages which are especially problematic in the context of wound
healing. Injected contrast agents often leak from the vasculature into
peripheral tissue, a problem which would be exacerbated in woun-
ded skin. Leakage of the agent results in degraded contrast between
the vasculature and surrounding tissue. Also, repeated injections of
the contrast agent required for time-lapse studies present a signifi-
cant challenge. Microvascular OCT imaging avoids these problems
as it is based on intrinsic contrast. In addition, OCT has significantly
improved penetration depth when compared to TPEF, allowing the
entire depth of the microvascular network in mouse skin to be
observed.

Supplementary Note 2

Langerhans cells. Langerhans cells (LC) are a class of dendritic cells
whose primary function is to sense the extracellular environment for
the presence of antigens®!. These cells reside in the epidermis of the
skin and are immobile under steady-state conditions. Upon detec-
tion and uptake of antigens, these cells migrate to the lymph nodes
to present antigens to other cells in the immune system as part of the
adaptive immune response. LCs have a very distinct morphology
under steady-state conditions which consists of dendrites which
probe the local microenvironment for antigens. Upon activation,
these dendritic processes are retracted, resulting in an amorphous
morphology that enables migration of the LCs to the lymph nodes.
Understanding the functional role of LCs is an active area of
research. While these cells were initially thought to play a role in
initiating immune responses in reaction to foreign antigens, recent
studies have suggested their primary function may be to support

immune tolerances!.

SUPPLEMENTARY VIDEO
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Supplementary Methods 1

Hair follicle match quality for non-rigid image registration. An
essential step of the non-rigid registration algorithm was matching
hair follicles from two images based on the locations of the neigh-
boring hair follicles. Assessing the match quality between two fol-
licles was based on the following steps.

e For each of the follicles, the positions of a fixed number of the
closest points (typically 10-15) were determined. The positions of
the closest points were relative to the follicles being compared.

e A local rotation and scaling between the two follicles based on a
2D clustering technique was estimated2. Rotation and scaling
parameters were calculated for each possible match between the
neighboring points of the two follicles. The parameters for each
matching set of points were plotted in a 2D plane. The correct
matches of the neighboring points formed a cluster which was
identified based on a peak found in the joint histogram. This
method assumed that the local deformation within the range of
the neighboring points could be approximated by a rigid trans-
formation.

e One set of neighboring points was rotated and scaled using the
estimated parameters. For each neighboring point in one set, its
closest match in the other set of neighboring points was identified
and the error in position was determined.

e The quality of the match was defined as the average error position
between the neighboring points following the local rotation/
scaling operation.
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Supplementary Video 1?2

Time-lapse multimodal sequence of wound healing.

This time-lapse video of the wound healing allows several fundamental wound healing processes to be observed simultaneously
in vivo over a period of approximately 2 months. The four modalities shown are OCT structural (top left), OCT vascular (bottom
left), TPEF (top right) and SHG (bottom right). These modalities visualize structural repair, angiogenesis, bone marrow-derived

cell dynamics and collage synthesis, respectively.
Short-term time-lapse video of bone marrow-derived cell dynamics in skin.

Supplementary Video 2°

This video demonstrates the wide range of short-term dynamic behavior exhibited by the GFP labeled bone marrow-derived cells
in the dermis of the skin. The video is acquired over a 90 minute time period with 5 minute intervals. Several cells are stationary
during this period while other migrate rigorously. Short term dynamics such as this can potentially be used to better understand
the functional role of these bone-marrow derived cells.

a’I’Supplementary Videos 1 and 2 can be viewed at http://www.worldscientific.com/doi/suppl/10.1142/52339547813500027
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