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Motion-tolerant 3D volumetric
multimodality microscopy imaging of
human skin with subcellular resolution
and extended field-of-view
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The skin, the body’s largest organ, has a heterogeneous structure with various cell types and tissue
layers. In vivo noninvasive 3D volumetric imaging with multi-contrast, high resolution, a large field-of-
view (FOV), and no-motion artifacts is crucial for studying skin biology and diagnosing/evaluating
diseases. Traditionally high-resolution in vivo skinmicroscopymethods capture images in the en-face
(xy) plane parallel to the skin surface but are affected by involuntary motion, particularly during large-
area volumetric data acquisition using xy-z mosaicking. In this work, we developed an xz-y imaging
method that acquires images in the vertical (xz) plane and extends the FOVbymoving the skin laterally
along the y-direction. This approach is conceived based on our observation that involuntary skin
movements are mostly along the vertical direction. Combined with a unique motion correction
method, it enables 3D image reconstruction with subcellular resolution and an extended FOV close to
a centimeter (8 mm). A multimodality microscopy system using this method provides simultaneous
reflectance confocal, two-photon excited fluorescence, and second harmonic generation imaging,
enabling multi-contrast capabilities. Using this system, we captured histology-like features of normal
skin, vitiligo, and melanoma, demonstrating its potential for in vivo skin biology studies, clinical
diagnosis, treatment planning and monitoring.

In vivo, noninvasivemicroscopy imaging plays an important role in normal
skin evaluation1–8, skin disease assessment7,9, and cancer diagnosis10–13.
Optical coherence tomography (OCT), reflectance confocal microscopy
(RCM), and multiphoton microscopy (MPM) are three popular imaging
methods that are intensively used. Each method has its own strengths and
weaknesses. A typicalOCT imaging systemhas a largefield of view andmm
order imaging depth. It can generate 3D volumetric data at a fast speed.
However, its relatively low spatial resolution (tens of microns) hampers its
capability to differentiate single cells. Imaging contrast of OCT originates
from the variation of tissue refractive index. It provides tissue structural
information but no molecule-specific information. RCM’s contrast is also
based on the tissue refractive index fluctuations. High numeric aperture
(NA) objective and confocal detection configuration enable RCM to have a
subcellular resolution (micron) and optical sectioning capability within a
depth of about 200 µm. Different from OCT and RCM, MPM provides

molecular-specific information based on two-photon excitation fluores-
cence (TPF) signals of cellular and tissue endogenous fluorophores and
second harmonic generation (SHG) signals of collagen fibers. MPM ima-
ging also has the highest resolution (sub-microns) and best sectioning
capability among the threemethods but they typically have a slower imaging
speed and a smaller field of view.

Volumetric imaging with high resolution, large field of view, and high
speed is a key research focus for noninvasive microscopy skin imaging
method development. This is crucial because the skin, as the body’s largest
organ, is spatially heterogeneous, composing distinct layers and diverse cell
types essential to its function. Volumetric imaging that covers a large area
can give a precise and comprehensive evaluation of the skin (normal or
diseased)14,15. High-resolution 3D imaging enables a clear understanding of
the location, morphology, and function of target cells, as well as their
interactions with surrounding tissue components5,6,16. High-speed imaging
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enhances practical in vivo applications,making the techniquemore efficient
and feasible15,17,18. Fast, high-resolution, large-areavolumetric imaging could
enable standardized clinical measurements, eliminating the need for pre-
selecting imaging depth - a current challenge in clinical applications14.

Several works have been reported in pursuit of the above goals, each
tailored to specific applications. Line field confocal OCT that combines the
high lateral resolution of confocal detection and high vertical resolution of line-
filed OCT has achieved volumetric imaging of normal skin and skin diseases
in an FOV of 1.2mm×0.5mm×0.5mm19. The volume was constructed by
stacking horizontal frames (xy-z stack) at a frame rate of 8 frames per second16.

RCM volumetric imaging can also be acquired in a FOV of
500 µm× 500 µm× 200 µm using xy-z stacking. Larger FOV has been
achieved through tilemosaicing or videomosaicing ofmultiple xy images20.
Stripmosaicing has been used in ex vivo applications to enhance acquisition
speed21.However, these large FOV images are acquired just in one or several
selecteddepths, orwith a large z step size (as large as 10 µm), lackingdetailed
full-depth 3D information over a wide area. Consequently, accurate selec-
tion of imaging depth is crucial for diagnosis and relies heavily on the
clinician’s experience14.

MPM skin imaging is typically acquired in a small field
(<250 µm× 250 µm) with high cellular resolution but a slow imaging speed
(several seconds per frame), represented by the commercial systems from
Jenlab6,22. Volumetric imaging is also based on xy-z stacking. Two to four
small ROI volume stacks (130 µm× 130 µm× 200 µm, z step size 2.3 µm)
have been shown to give representative results for skin aging quatification6.
Balu et al. developed a more advanced MPM imaging system that features
large FOV, high imaging speed, and enhanced molecular contrast23. MPM
imagesof a size of 1.2 × 1 cm2havebeen reported for exvivo samplesby strip
mosaicing at selected depths. In vivo volumetric imaging results were also
reported that cover an area of 3.2mm× 3.2mmby tilemosaicing of z stacks
(each z stack contains only 12 x-y images with a step size of 10 µm)15.

The above-mentioned volumetric imaging method is all based on
xy-z stacking, which we think is one key limitation factor that prevents
fast-speed, high-resolution, large FOV, motion-tolerant volumetric
imaging of skin in vivo. When performing in vivo imaging, involuntary
motion from breathing, heartbeat, and muscle contraction must be
considered. We observed that the involuntary skin motions are mostly
up and down along the vertical z-direction in the xz plane. This is clearly
visualized in Supplementary Movies 1 and 2. Supplementary Movie 1
was taken by imaging in the en-face (horizontal) x-y plane. The contents
of the image frames are constantly changing due to the involuntary
motion in the z-direction, making it difficult to reconstruct a correct 3D
volume. SupplementaryMovie 2 was taken by imaging in the vertical x-z
plane. Now the contents of the image frames remain the same although
they are moving up and down, but never moving outside of the imaging
plane, making it possible to reconstruct a correct 3D volume with linear
shifting to accurately correct the motion artifacts.

When performing xy-z stacking volumetric imaging, the involun-
tarymotion, with its moving direction along the z-direction, could cause
the depth information of the acquired xy images to be inaccurate and
information from different depths mingled together in the z stack. As a
result, it will be very challenging to retrieve reliable data from the tile
mosaiced z stacks without depth mismatch. In addition, tile mosaicing
needs to frequently move and stop the translation stage which slows
down the data acquisition speed. We hereby propose an alternative
volumetric imaging method that is based on the y-stacking of xz vertical
sectioning images. It is suitable for laser scanning-based microscopy
imaging modalities, including both RCM andMPM. This method offers
at least three key benefits that can significantly enhance large FOV
volumetric imaging and potentially accelerate the clinical adoption of
optical biopsy techniques.
1) It ismotion tolerant.When imaging in the xz plane at a high frame rate

(15 frames/s or higher), there will be minimummotion artifact within
each frame. And the skin surface position can also be recorded in each
frame making it possible to reconstruct a 3D volume through linear

shifting of each frame to correct the up-and-down motion artifacts
between frames.

2) It easily achieves an extended field of view by translating the skin along
the y-direction. No stitching in the y-axis is needed. This type of
“volumetric strip mosaicking” makes large FOV volumetric imaging
much faster than tile mosaicking of z stacks just like 2D strip
mosaicking is faster than tile mosaicking21.

3) The balance between the high signal-to-noise ratio (SNR) and high
volumetric imaging speed can be adjusted conveniently by
changing the translation speed in the y-direction without affecting
the motion-correction capability. When needed, employing a
slower translation speed and the same frame rate, more frames can
be acquired within the same y-translation distance. This way,
neighbor frames can be averaged aftermotion correction to increase
the signal-to-noise ratio. In contrast, for xy-z stacking imaging,
frame averaging is prone to motion artifacts along the z-direction,
leading to blurred images.

Direct xz plane imaging has been reported by ourselves24 in 2011
and others later for RCM and MPM. Mansoor et al. reported a vertical
scanning method for RCM using magnetically driven optical fiber and
microlens for x and z scanning24. Thomas et al. reported vertical plane
MPM imaging results from amurine cancer model using a Galvomirror
and a translation stage for x and z scanning respectively25. Czekalla et al.
reported a wide field vertical planeMPM imaging method using a linear
piezo to move a customized lightweight objective in z-direction together
with the scan lens for wide field x scanning26. Recently Enspectra Health,
Inc. has developed a commercial handheld probe that combines RCM
and MPM for direct vertical plane imaging. A compact design was
achieved by using an ultrafast fiber laser,MEMs scanner, internal depth-
focusing through changing the beam divergence, and a customized
objective lens. The probe achieves an imaging speed of 4.5 frames
per second in low-resolution mode and 0.39 frames per second in high-
resolutionmode27. However, these methods fail to meet the demands for
fast volumetric imaging due to their slow frame rates. Additionally, the
use of customized componentsmakes them inconvenient to apply across
different platforms.

Our direct vertical plane (xz) imaging is realized by a fast resonance
scanning mirror in the x-direction in combination with the objective
scanning in the depth (z-) direction by a piezo positioner. The half-video
rate vertical scanning speed can be reached to minimize the in-frame
motion. The small xz field of view limited by the scanning angle is extended
by replacing the y-scanning axis with lateral skin translation (along the y-
direction) to reach several millimeters. A motion-correction method was
then developed for tissue volume reconstruction. In this way, fast, high-
resolution, and motion-tolerant volumetric imaging of in vivo skin was
achieved with an extended field of view.

We initiated and realized the co-registration of three imaging mod-
alities – RCM, TPF, and SHG in 2013 – providing three distinct contrasts
simultaneously, offering complementary tissue information28. In the epi-
dermis, RCM has a strong signal and helps visualize cell junctions and
melanin caps, while TPF imaging shows cell cytoplasm andnucleus28. In the
dermis, SHG imaging visualizes collagen fibers, while TPF shows elastic
fibers. All the three imaging modalities have been incorporated into the
current work. Once a volumetric dataset has been acquired using our
method, the datamay be viewed in any plane. For example, the datamay be
viewed in vertical planes to observe low-power histology-like tissue struc-
ture information.Thedatamaybe viewed in anyhorizontal plane toobserve
high-resolution cellular morphology. Furthermore, the data allows the
display of any structures of interest and their interrelationships with one
another and with their surroundings in three dimensions. This unique
method gives a comprehensive solution to address the source of contrast,
resolution, field of view, imaging speed, and 3D spatial information. We
demonstrated this method on normal, vitiligo, and cancerous human skin
imaging in vivo.
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Results
3D tomographic imaging with an extended field of view
This newly developed 3D tomographic imaging method is comprised of
three co-registered microscopy imaging modalities to provide compli-
mentary tissue contrasts: reflectance confocal microscopy (RCM) and two
multiphoton microscopy (MPM) modes: two-photon fluorescence (TPF)
and second harmonic generation (SHG) (Fig. 1a). The method is based on
direct vertical plane tissue imaging. It is achieved by a resonance scanning
mirror (8 kHz) fast scanning the femtosecond (fs) laser beam in the
x-direction and simultaneously by a piezo positioner scanning the objective
along thedepth axis (z-direction). The piezo scanner is drivenby amplitude-
and phase-compensated sinusoidal voltages to reach a vertical imaging
speed of 15 frames per second through bidirectional imaging, which
effectively reduces the in-framemotion artifact (see details in the “Methods”
section and Supplementary Figs. 1–3). Extended FOV 3D tomographic
imaging is realized by (stretching) moving the skin using a motorized
translational stage (Fig. 2a) at a uniform speed in the y-direction with ver-
tical section images being continuously acquired (Fig. 1b). The y-direction
moving speed determines the frame sampling rate along this axis. Tissue
features according to depth as well as the surface position are recorded in
real-time in every frame. All motion that affects the recorded surface
position can be conveniently calculated and corrected by comparing
neighboring frames to render a volume with minimal motion artifacts
(Fig. 1b and “Methods” section). Higher resolution post-processed en-face
images can be achieved by increased y-direction sampling density. This xz
plane vertical sectioning plus y-translation facilitated 3D volumetric ima-
ging andcan thus acquire a large tissue volumealong the y-directionwithout
the need for stitching.

Direct vertical plane imaging
Figure 2a, b illustrate the 3D model of the imaging head of the system and
the skin measurement interface. The skin site can be measured directly or

with a glass coverslip (see details in the “Methods” section). Figure 2d–g
demonstrates the vertical images acquired by the three modalities from the
forearm normal skin of a volunteer in vivo, along with the merged com-
posite pseudocolor image (red for TPF, green for RCM,magenta for SHG).
Various layers of skinwere easily visualized in the pseudocolor image (more
details in the “Methods” section, SupplementaryNote1, andSupplementary
Figs. 4 and 5). The rectangular region in Fig. 2d outlines the sandwiched
structure made of the three skin layers: The bright uppermost layer is the
stratum corneum (SC). It has strong reflectance and TPF signals, appearing
yellow in the pseudocolor RGB image. The second layer has low reflectance
but high TPF signals, it is assumed to be the stratum lucidum (SL). The next
bright layer (high RCM signal) is stratum granulasum (SG). The stratum
basale (SB), as indicated by the arrows in Fig. 2d and e, is filled with bright
spots arising from melanin-rich keratinocytes. Below the stratum basale
layer, distinctive signals in the SHG channel show the distribution of col-
lagenwithin the upper dermis. Dynamic capillary blood flowhas previously
been observed byRCM in the horizontal plane29, nowwe can alsomonitor it
in the dermal papilla in the vertical plane (Supplementary Note 2, Supple-
mentary Figs. 6 and 7, and Supplementary Movie 3). Clear visual demar-
cation of epidermis and dermis is important in cancer diagnosis since most
such neoplasms arise near the epidermal-dermal junction; moreover, this
boundary regiondefines invasiveness and thus theprognosis of cancers such
as melanoma or squamous cell carcinoma.

Motion correction and surface flattening
Figure 3 shows the motion-affected raw volumetric data acquired from the
dorsal forearm of a 29-year-old male volunteer with an excitation wave-
length of 880 nm. A plastic plate with an open hole was used as the mea-
surement interface for direct skin measurement. xz images are
simultaneously recorded by the three modalities of RCM, TPF, and SHG
with 4072 frames in each modality. The moving speed of the y-translation
stage was set to 11.72 µm/s, which corresponded to 1280 frames/mm.

Fig. 1 | The volumetric multimodality microscopy imaging system and the
method for volumetric data acquisition and reconstruction. a Schematic drawing
of the volumetric multimodal microscopy optical imaging system based on vertical
sectioning tissue imaging. A femtosecond (fs) laser beam after passing through a
polarizing beamsplitter was scanned in the x-direction by a resonance scanning
mirror and relayed to the back aperture of the objective. The focal point of the laser
beam is scanned in the z-direction by moving the objective using a piezo positioner.
Two-photon fluorescence (TPF) and second harmonic generation (SHG) signals are
collected by the objective and reflected by the dichroicmirror and the beamsplitter to

two photomultiplier tubes (PMTs). Reflectance confocal (RCM) signal is collected
by the objective and reflected to the avalanche photodiode (APD) by the polarizing
beamsplitter after passing through the dichroic mirror and the scanning mirrors.
bThe procedure for volumetric data acquisition andmotion correction. Volumetric
data was acquired by simultaneously scanning in the xz direction and (stretching)
moving the skin with the translation stage in the y-direction. The acquired raw data
is then reconstructed after skin surface detection, motion detection, motion cor-
rection, and frame averaging process (see details in the “Methods” section).
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Therefore, the imaged tissue dimension is 200 µm× 200 µm× 3.2mm.
After contrast enhancement of the TPF and SHG videos, the three videos
weremerged togenerate apseudocolor imageby assigning the green color to
RCM, the red color to TPF, and the magenta color to SHG. The merged
video was then viewed three-dimensionally in ImageJ as shown in Fig. 3d.
Motion artifacts are obviously visible in the 3D image reconstructed from
the raw videos. The motion artifacts can be classified into two types: the
system-causedmotion which is labeled by the solid arrows and involuntary
motion from the subjectwhich ismarked by the hollow arrows. The system-
caused motion features as a sharp shift of the imaged skin surface. It is

generatedwhen the z stage ismoved upward or downwardmanually during
the imaging process to keep the skin surface in the top part of the field of
view tohavemore tissue information imaged.The involuntarymotionat the
dorsal forearm is typically caused by breath, pulse beat, or muscle con-
traction and relaxation, which features small amplitude and periodicity.
These two types of motions both dominate the motion artifacts in the
z-direction.

Volumetric imaging through the y-stacking allows convenient cor-
rection of the abovemotion artifacts because each xz image records not only
the tissue information but also the skin surface. Based on the fact that the

Fig. 2 | Illustration of the skin measurement interface and the vertical plane
imaging results. a shows how the skin site is interfaced with the imaging head. b and
c show two types of interface configurations. b is used for direct measurement of the
skin, which includes a window adapter, a metal window, and a plastic plate with a
hole in the center. c is used for motion-suppressed measurement, which includes a
window adapter, a metal window, and a coverslip. d–g Example of xz vertical sec-
tioning images acquired in vivo on a dorsal forearm of a 46-year-old male volunteer

at the excitation wavelength of 785 nm and the merged pseudocolor images of the
three channels show various skin layers. SC: stratum corneum, SG: stratum gran-
ulosum, SS: stratum spinosum, SB: stratum basale (marked by arrows), DP: dermal
papilla. The white rectangular in (d) outlines a multilayer sandwich-like skin
structure near the skin surface, the dark layer is assumed to be stratum lucidum (SL).
White arrows point to basale cells containing melanin. Color is coded in green for
RCM, red for TPF, and magenta for SHG. Scale bar: 50 µm.

Fig. 3 | Extended field of view (200 µm × 200 µm × 3.2 mm) volumetric imaging
(raw data) from the dorsal forearm of a 29-year-old male volunteer with an
excitation wavelength of 880 nm. The top row shows the three raw videos acquired

from the three modalities: RCM (a), TPF (b), and SHG (c). Each video has 4072
frames. The bottom row (d) shows the reconstructed 3D image of the imaged skin
site before motion correction. Scale bar: 50 µm.
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Fig. 4 | Motion-correction algorithm. a The image of the raw volume (RCM) with
motion artifacts. b The method to calculate the relative motion between every two
neighbor frames. b-1 and b-2 are two example neighbor raw frames: frame 2833 and
frame 2834. b-3 The detected surface position curves of (b-1) and (b-2). b-4 The
difference between the two curves in (b-3). b-5 The histogram of the counts of the

difference value of (b-4). b-6 data points selected from (b-5) with the x-value (dif-
ference of the surface positions) of which fall within the range between −8 and 2.
c The curve of the relative motion of every two neighbor frames. d The calculated
motion curve, the tread of the motion curve, and the realigned motion curve. e The
volume image after motion correction.
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skin surface is continuous, a motion-correction algorithm was developed.
The motion during imaging is first detected and then the volume data is
motion-corrected accordingly. The motion detection procedure with an
example is shown in Fig. 4, which includes four steps.

Step 1. The skin surface positions for each frame are determined. Each
frame of the raw RCM video records depth information from the top dark
region (in water) to the bright water-skin interface and then further into the
skin tissue. Skin surfaces were detected from every xz-plane RCM frame
based on intensity thresholding: along each column from top to bottom, for
those first two consecutive pixels that have intensities higher than a
threshold value of 50 (for an 8-bit grayscale image), the first pixel will be
defined as the surface pixel and its row index is recorded. In this way, the
skin surface (256 points) of every frame is determined and noted as Sn,
which is an array of the row indexes of the surface pixels across all columns.
The subscript n is the numeric index of the frame. Two adjacent frames are
shown in Fig. 4b-1 and b-2 and their detected surface arrays are plotted in
Fig. 4b-3.

Step 2, The difference array (Diffn) of the skin surfaces of two neighbor
frames is calculated through subtraction: Diffn = Sn-Sn-1, as demonstrated
in Fig. 4b-4.

Step 3, The outliers are eliminated. The frequency histogram of Diffn
was plotted (Fig. 4b-5) showing the number of occurrences for each dif-
ference value. And the most frequently appearing value dmode withinDiffn
was determined. Outliers are eliminated using a selection window set from
dmode− 5 to dmode+ 5.Any element ofDiffnwith its value not sittingwithin
the window is deleted and a new arrayDiff ‘n is generated. In Fig. 4b-5, we
can see that values with the most counts lie between−8 and 2. The dmode is
−3 which has a count of 49. Diff ‘n was plotted in Fig. 4b-6 with 22 data
points being filtered out.

Step 4. The relative motion is determined using the average value of
Diff ‘n. In Fig. 4b-6, the average value of all the data points is -2.19, which is
treated as the relative motion between the two frames in Fig. 4b-1 and b-2.
To retain the surface profile of the volume, the differences with average
values smaller than 0.5 pixels were re-assigned as zero, thus assuming no
motion.

The relative motion of every successive frame to its previous frame is
determined according to the above four steps as shown in Fig. 4c. Next, a
motion curve (the black line) is generated as shown in Fig. 4d which shows
every frame’s total motion in relation to the first frame by adding up all the
previous relative motions. Every frame is shifted up/down the corre-
sponding number of lines in the motion curve to remove the motion effect.
For practical reasons, onemore step can also be added to complete the final
correction process as illustrated in Fig. 4d: offsetting themotion curve by its
linear regression fitting line (the blue curve). For each data point in the
detectedmotion curve, its motion value is subtracted by the corresponding
value in the linear regression fitting line. After the subtraction, a realigned
motion curve is achieved (the red line), which has an overall flat trend. The
motion-corrected results are shown in Fig. 4e. Compared to the raw volume
image in Fig. 4a, a continuous skin surface is recovered without being over-
smoothed.

Figure 5a–f shows the volumetric imaging results after motion cor-
rection. A 3D rendering movie of the motion-corrected data is shown in
Supplementary Movie 4. After motion correction, the minor and major
motion-induced fluctuations were greatly reduced while the overall skin
surface texture with the shapes of hair, surface scale, and other debris was
kept. The advantage of motion correction is that the volumetric image can
be viewed horizontally and vertically or in any arbitrary plane (Fig. 5b)
without artifacts. In a vertical view, the epidermal-dermal junction is clearly
outlined in a wide field; while in a horizontal view at a selected depth,
epidermal cellular and/or tissue information can be shown with high,
subcellular resolution. With a wavelength of 880 nm, TPF signals can be
dominantly excited from sweat ducts, hair shafts, and stratum corneum.
Figure 5c was the zoomed orthogonal view of a sweat duct in the epidermis
(Supplementary Movie 5). For better visibility, only the TPF channel was
selected to display. In the vertical planes (yz and xz plane), the sweat gland is

shown as stacked parallel lines (pointed by hollow arrows) with a length of
about 50 µm. In the horizontal plane, it looks like an oval-shaped disk.
Figure 5d was the zoomed orthogonal view of a hair shaft in the epidermis
(Supplementary Movie 6). The hair shaft has strong TPF signals (red color
in the images). The xz image shows that the hair shaft has a diameter of
57 µm and it starts from the dermis and opens to the epidermis. Both the xz
and xy images show the basal cells are arranged in a circle surrounding the
hair shaft. Figure 5e is the zoomedorthogonal viewof the selectedpart of the
volume (right rectangle box in Fig. 5b). The epidermal cells were visible in
the xy plane with the resolution of RCM. Some red spots were shown in the
yz plane image as pointed out by the solid white arrows. They were mela-
nophages ormelanin granules which have TPF signals. Figure 5f shows one
yzplane imagewithonly theTPFandSHGchannel signals,which shows the
clear separation of the stratum corneum (in red color) and top dermis (in
magenta color).

We also noticed that different skin layers are sometimes sectioned into
a single horizontal image as shown in the bottompanel of Fig. 5b because of
the roughness of the skin surface, making it inconvenient to compare cel-
lular or tissue structures at the same “tissue depth”. Here the tissue depth
refers to the depth below the skin surface rather than an arbitrary flat plane.
With the volume data, we are able to solve this problem by a surface-
flattening method (results are shown in Fig. 5g–k, method details in the
“Methods” section, Supplementary Note 3, Supplementary Figs. 8, 9, and
Supplementary Movie 7). Figure 5g shows the 3D image of the surface
flattened volume. Figure 5h shows the vertical plane image of the volume
and Fig. 5i–k shows horizontal plane images of the surface flattened volume
at different depths. Figure 5j has the same tissue depth (42.0 µm) as that of
the orthogonal center of Fig. 5b. We can see that the tissue structures are
similar at the same tissue depth in the normal skin of different sites.

High-resolution 3D tomographic in vivo imaging of normal skin
The fs laser wavelength can also be tuned to shorter wavelengths such as
735 nm to acquire volumetric microscopy images with better TPF cellular
resolution (Fig. 6, Supplementary Movies 8, 9, Supplementary Note 4,
Supplementary Figs. 10 and 11). A 200 µm× 200 µm× 2.3mm volume of
normal forearmskinwas acquired in vivo froma29-year-old volunteerwith
bothRCMandTPFchannels. The SHGsignal is not separated fromtheTPF
channel because of the lack of a dichroic mirror at hand. The raw volume is
made of 15,000 frames with each frame being 256 pixels by 256 pixels after
2 × 2 pixel binning of the acquired 512 × 512 pixels image. The laser power
was 40mw. The whole volume was acquired in 17min with a slow trans-
lation speed (2.34 µm/s) for five-frame averaging. Figure 6 only shows the
TPF channel results to emphasize the high cellular resolution. The trace of
the motion during the data acquisition can be clearly observed from the
motion-corrected yz plane image (Fig. 6a) as a curve that separates the
bottom of the tissue data from the dark background. It is necessary to
mention, that the skin wasmeasured directly without using a cover glass for
motion suppression, which further demonstrates the motion tolerance of
our method.

The successfully reconstructed high-resolution cellular imaging is
demonstrated in Fig.6c, where the nucleus and cytoplasm of individual cells
are visualized with crispy clear contrast over an extended FOV of
200 µm× 2.3mm. Characteristic depth-dependent variations of normal
skin cellular and morphological features are clearly shown in Fig. 6b–f and
described in detail in Supplementary Note 4 and Supplementary
Figs. 10 and 11.

3D tomographic in vivo imaging of vitiligo
The systemwasused for in vivo volumetric imagingof a vitiligo lesionon the
abdomen of a 40-year-old male volunteer under 880 nm fs laser excitation
(Fig. 7, Supplementary Movie 10). A volume of 200 µm× 200 µm× 8mm
was imaged in 11.3 min covering the transition zone from the pigmented
area (right side in Fig. 7) to the non-pigmented area (left side in Fig. 7). The
volumetric image (Fig. 7a), horizontal plane image at the depth of 28 µm
(Fig. 7b) and vertical plane image (Fig. 7c) sectioned in the middle of the
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volumearedisplayed.Thepigmentedarea features a lot of pigmented cells at
the top of the dermal-epidermal junction as shown in the zoomed view
(Fig. 7f, g) of the green rectangular region in Fig. 7b, c, while the non-
pigmented area has very few pigmented cells (Fig. 7d, e, orange rectangular
region in Fig. 7b, c). The pigmented cells have both reflectance and TPF
signals, therefore they are visualized as yellowish dots in the pseudocolor

image (two example pigmented cells are pointed to by white arrows in
Fig. 7f). This volumetric data was successfully acquired and reconstructed
even with the apparent breath-caused periodical motion as pointed out by
the black arrow in Fig. 7e. Aftermotion correction, the trace of themotion is
visualized directly as an undulation line contrasted between the background
of the imaging data and the filled pure black space, which has a peak-to peak

Fig. 5 | Extended field of view (200 µm × 200 µm × 3.2 mm) volumetric imaging
(after motion correction and surface flattening) from the dorsal forearm of a 29-
year-old male volunteer with the excitation wavelength of 880 nm. a 3D image of
the motion-corrected volume. b Orthogonal view of the 3D image in the yz and xy
plane. The dashed yellow lines indicate the sectioning position. The three dashed
rectangular boxes from left to right correspond to the position of (c–e). c The
zoomed-in orthogonal view of a sweat gland with only the TPF channel (left rec-
tangular box in b). The arrows point to a spinal sweat duct. d The zoomed-in

orthogonal view of a hair follicle (central rectangular box in b). e The zoomed-in
orthogonal view of a subvolume (right rectangular box in b). f Vertical plane image
of the volume with only TPF and SHG channels. g 3D image of the surface flattened
volume. hVertical plane image of the surface flattened volume. i–kHorizontal plane
image of the surface flattened volume at different depths. Color is coded in green for
RCM, red for TPF, and magenta for SHG. Color is coded in green for RCM, red for
TPF, and magenta for SHG. Scale bar 100 µm.
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amplitude of 10 µm and a frequency of 16 cycles per minute. The motion
pattern matches the respiratory rate of a healthy adult (12–20 breaths per
minute)30,31. The successful reconstruction of the volumetric data demon-
strates the motion tolerance of the system.

3D tomographic in vivo imaging of melanoma in situ
Finally, the system has been used for in vivo volumetric imaging of a
melanoma in situ lesion on the upper back under 880 nm fs laser exci-
tation (Fig. 8 and Supplementary movie 11). A volume of
200 µm × 200 µm × 5 mm was imaged in 7 min, encompassing cancer-
ous tissue (left side), lesion border (middle section), and normal tissue
(right side). The volume was surface flattened and contrast-enhanced
along the depth direction for better visualization of the tissue features
(more details in the “Methods” section). An overview of the vertical
plane and the xy plane shows the apparent decrease of upper dermis
collagen signals in the cancerous region compared to the normal skin
region (Fig. 8a). Three sub-volumes as marked in Fig. 8a were cropped
for detailed examination of the cancerous, border, and normal tissue
regions. The corresponding vertical views were displayed in Fig. 8b and

five selected horizontal images at different depths (D1–D5) marked in
Fig. 8b were displayed in Fig. 8c and d. In the cancerous region, the
dermal collagen is barely visible, while the epidermis is filled with den-
dritic pagetoid cells (arrowheads). Around the epidermal-dermal junc-
tion, there are no clear rete ridges but the aggregate of atypical cells
(arrows) arranged with nonspecific patterns. These features are similar
to those described in previous RCM studies of cutaneous melanoma
in situ12,32–34. The lesion border is rich in round-shaped, bright cells
forming typical dermal papillae structures, which are the characteristics
of benign nevi11,32,33. The normal tissue region in contrast features a
thinner epidermis, abundant dermal collagen signals, and no apparent
cellular atypia.

Discussion
Reorientating the optical imaging perspective from horizontal to vertical
plane imaging and extending the field of view by skin tissue translation are
the key innovations underlying our xz-y large FOV volumetric imaging
technique. In combination with a motion-correction method, we realized
reliable up to 8mm length extended FOV 3D volumetric image

Fig. 7 | In vivo volumetric multimodality microscopy imaging of a vitiligo lesion
under 880 nm fs laser excitation (contrast-enhanced). a An image of the 3D
volumetric data cube of a dimension of 200 µm × 200 µm × 8mm encompassing the
transition zone from the pigmented area (right side) to the non-pigmented area (left
side). bAn xy plane image sectioned at the depth of 28 µm. cA yz plane image that is
sectioned in the middle of the volume. d and (e) are zoomed views of a rectangular
region selected (orange rectangle) in the non-pigmented area in (b) and (c). The

yellow dashed line in (d) and (e) shows the corresponding section plane position of
(e) and (d). f and (g) are zoomed views of a rectangular region selected (green
rectangle) in the pigmented area in (b) and (c). The yellow dashed line in (f) and (g)
shows the corresponding section plane position of (g) and (f). The red arrows in f
point to two example pigmented cells. The black arrow in (e) points to the undu-
lation traces of motion. Color is coded in green for RCM, red for TPF, and magenta
for SHG. Scale bar: 100 µm.

Fig. 6 | In vivo volumetric imaging of the normal
forearm skin of a 29-year-old male volunteer with
an excitation wavelength of 735 nm (TPF
channel only). a Vertical plane view of the surface
flattened volume. b–f Selected horizontal plane
image of the surface flattened volume at different
tissue depths. Scale bar, 200 µm.
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reconstruction. This results in subcellular resolution en-face section images
from the volume and also a confirmation of perfect motion correction and
registration of the vertical imaging sections and perfect 3D reconstruction.

Upon examining the reconstructed 3D volumetric image, we observed
that the involuntary motion of the skin tissue during imaging acquisition
can be analyzed retrospectively (Fig. 7e, g). The motion traces resemble an
undulating line, with a peak-to-peak amplitude of 10 µm and a frequency of
16 cycles per minute. This motion pattern appears to correspond with the
respiratory rate of a healthy adult, which ranges from 12 to 20 breaths per
minute30,31. This finding further confirms the success of our xz-y volumetric
imaging approach. The relationship between this motion and breathing,
heart rate, andmuscle contractions warrants further investigation. Our xz-y
volumetric imaging method provides a quantitative approach to this
endeavor.

The current 200 µm× 200 µmFOVof the vertical section (xz) imaging
was mainly limited by the objective, this could be increased to
400 µm× 200 µmor 800 µm× 200 µmby using highNA lowmagnification
objectives to double or quadruple the measurement volume without
increasing the acquisition time.Multiple volume stripes can also be stitched
together in the x-direction to cover an even larger surface area (an ex vivo
examplewas demonstrated in SupplementaryMovie 12). In addition, the xz
frame rate could be further improved by scanning fewer lines considering
the relatively low vertical resolution. In this paper, 512 lines are scanned
within a depth of 200 µm. Scanning half the number of lines will double the
frame rate while keeping a reasonable sampling density in the depth
direction. In addition, current vertical scanningwas achievedbymoving the
objective with a piezo positioner. The scanning speed is limited by the

driving power and load capacity of the piezo positioner. For higher speed xz
scanning, remote focusing may be an alternate choice35,36. It is necessary to
mention that volumetric imaging can be acquired with a cover glass for
motion suppression and physical surface flattening or without a cover glass
for keeping the native status and surface roughness details of the skin.
Measurementwith a cover glass is recommended formanycases because the
physically flattened surface also introduces less distortion for the focused
laser light and gives better imaging results. However, there are instances
where the use of a cover glass is impractical or undesirable, such as when
imaging significantly elevated lesions or lesions with uneven surfaces. The
pressure exerted by the cover glass on the skin can significantly alter tissue
blood volume and blood flow dynamics in the dermal capillaries and it may
also alter the tissue density and tissue morphology.

RCM channel in the multimodality imaging system is crucial. It pro-
vides the strongest signals across the entirewavelength tuning range of the fs
laser and can offer detailed tissue structure and cellular information, espe-
cially when the corresponding TPF signal is weak. RCM channel images
were also used as references for motion correction because it has low
background noise and strong surface signals. In addition, this channel can
be used to monitor blood flow which cannot be achieved by TPF and SHG
channels. Different from that of the RCMchannel, the signal intensity of the
TPF and SHG channels is excitation wavelength-dependent4. Between
735 nm and 880 nm, the overall signal intensity in the TPF channel gra-
dually decreases, particularly from cells, while the collagen SHG signal
increases. Although it is not possible to make the images of the three
channels all have themaximumresolution and contrast at a single excitation
wavelength, balanced results still could be achieved depending on

Fig. 8 | In vivo volumetric multimodality microscopy imaging of a melanoma
in situ lesion from the upper back under 880 nm fs laser excitation (contrast-
enhanced along the depth direction). a The yz plane overview of the tissue volume
with a dimension of 200 µm × 200 µm × 5mm encompassing the lesion (left), its
border (middle), and the adjacent normal tissue (right). b Zoomed-in yz plane
images of the above three selected sub-volumes as marked by white boxes in (a) for
detailed examination The three boxes from left to right correspond to cancerous,
border, and adjacent normal tissue respectively. c, d Horizontal views of the three

sub-volumes at five depths as marked in (b). Note that the exact depth of D1–D5 in
the three sub-volumes is selected differently to show themost typical morphological
features. The cancerous zone shows dendritic pagetoid cells (white arrowheads) and
aggregated atypical cells (white arrows)with nonspecific patterns (the dashed circle).
The border zone is filled with bright, round-shaped cells forming dermal papillae
that contain collagen signals. The normal tissue has abundant collagen signals with
clearly defined dermal papillae. Color is coded in green for RCM, red for TPF, and
magenta for SHG. Scale bar: 100 µm.
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applications. We demonstrated the volumetric imaging results using 735
and 880 nm. The 880 nmwavelengthwas selected for fast-speed volumetric
imaging with good epidermis and dermis contrast. This wavelength has
deeper penetration and generates stronger dermis SHG signals from col-
lagen fibers. The RCM channel provides the cellular information in the
epidermis. Despite the low pixel dwell time and excitation efficiency, the
weak TPF channel still provides valuable information, including stratum
corneum,hair shaft, sweat glandducts, and certaindermal componentswith
strongTPFsignals. The 735 nmwavelengthwas selected for high-resolution
TPF imaging of cells, the translation speed was also slowed down by five
times so that neighbor frames could be averaged to increase the SNR. In this
case, the RCM channel image shows cell junctions in the epidermis and
inhomogeneous tissue structures in the dermis, while the TPF channel
highlights cell plasma, melanin distribution, and dermal elastin fibers.
Although the SHG signal is not very strong, it can still be separated from the
TPF signal using a dichroic mirror. Further testing of wavelengths between
730 nm and 880 nm is needed to identify an optimized wavelength that
allows all three channels to produce images with good and balanced SNR,
even if not the highest. To the best of our knowledge, our group is the first to
propose and realize simultaneous, co-registered RCM, TPF, and SHG
imaging, fully leveraging their complementary capabilities27.

The method can be referred to as optical shave biopsy, capturing
detailed 3D tissue informationwithin a depth of 200 µmover a largefield up
to 8mm wide. Unlike current RCM imaging37, it eliminates the need to
predefine the depth at which horizontal images are captured, making it
promising for standardizing imagingmethods to improve clinical adoption.
The recorded volumetric data can be used not only for skin evaluation and
disease diagnosis but also as a valuable reference for pinpointing the same
micro-site in longitudinal monitoring studies. Moreover, it can serve as a
superior training and teaching resource compared to large field-of-view xy
images at only a few selected depths.

With advancements in compact designs for MPM and RCM imaging
systems27,38, the optical shave biopsy method demonstrated in this paper
could be integrated into these systems, resulting in a more compact and
convenient device for routine clinical applications. The handheld probe as
currently developed by Enspectra Health Inc. can acquire vertical plane
MPM and RCM images directly but still faces challenges such as low speed
and low resolution. If their imaging speed could be further improvedand the
skin surface could be well controlled to stay in the field of view, xz-y volu-
metric imaging capability could be implemented to provide much richer
information.

In conclusion, we have developed a 3D volumetric multimodal
microscopy imagingmethod based on vertical plane scanning that provides
a fast and convenient way to acquire motion-corrected and reliably
reconstructed 3D in vivo skin tissue images with multi-contrast and sub-
cellular resolution over a close to centimeter (8mm) wide extended field of
view. Using the developed method, we have successfully realized the non-
invasive acquisition of histology-like diagnostic features from normal skin,
vitiligo, and melanoma three-dimensionally, thereby demonstrating the
great potential of this unique 3D imaging method for in vivo skin biology
study, clinical diagnosis, pre-treatment planning, and post-treatment
monitoring among others.

Methods
System setup
The volumetric multimodal microscopy imaging system consists of three co-
registered laser scanning microscopy imaging modalities: reflectance confocal,
two-photon fluorescence, and second harmonic generation (Fig. 1a). Using a
single laser this system can simultaneously acquire images from these three
channels within the same cross-section to yield multi-contrast morphologic
tissue details. RCM is based on elastic light scattering arising from refractive
index variation across different tissue components; TPF relies on endogenous
tissue fluorophores including keratin, elastin, NADH, FAD, and melanin,
while SHG is a distinctive nonlinear optical mode that is solely due to second
harmonic signals from cutaneous collagen. As shown in Fig. 1a, an 80MHzTi:

sapphire femtosecond laser (Chameleon, Coherent Inc., Santa Clara, Cali-
fornia) with wavelength tunable between 720 and 950 nm is used as the light
source for imaging. Then the pulse width of the beam is pre-compensated
using a prism pair, after which the beam is expanded and collimated before
reaching a scanning unit with an 8 kHz resonance scanning mirror and a
Galvo scanner mirror. A polarization beamsplitter in between the collimation
and the scanning unit together with a quarter waveplate is used for reflectance
confocal signal detection. The laser beam is then relayed to the rear aperture of
a 60× (NA=1.0) water-immersion objective (LUMPLFLN60X/W, Olympus
Canada, Markham, Ontario) and focused onto the skin. This objective is
attached to a piezoelectric positioner (MIPOS 500, Piezosystem Jena GmbH,
Jena, Germany) for z-direction scanning. For RCM the reflectance signal is
descanned by the scanning mirrors, redirected by PBS, and focused to an
avalanche photodiode (APD) module (C10508, Hamamatsu Corp., Bridge-
water, NJ) with a 20 µm pinhole thereby forming the RCM image. The MPM
signals collected by the objective are reflected by a dichroic mirror (FF665-
Di02-25×36, Semrock, Inc.) and focused by a lens. They are then short-pass
filtered (FF01-680/SP-25, Semrock) and split by another dichroic mirror
(Di01-405-25×36 for 785 nm excitation, FF458-Di02-25×36 for 880 nm
excitation, and empty for 735 nm excitation, Semrock, Inc.) into two photo-
multiplier tubes (PMT, H9433MOD-03, Hamamatsu Corp., Bridgewater,
New Jersey) for detection of TPF and SHG images respectively. For SHG
detection there is a bandpass filter (FF01-390/40-25 for 785 nm excitation,
FF01-440/40-25 for 880 nm excitation, Semrock, Inc.) in front of the PMT,
whereas for TPF detection a short-pass filter (FF01-650/SP-25, Semrock, Inc.)
is used instead. The RCM signals detected by APD and the TPF and SHG
signals detected by PMTs are simultaneously collected by a frame grabber
(Helios XA, Matrox Electronic Systems Ltd., Canada) to generate RCM, TPF,
and SHG images. Because all three imaging channels use the same laser source
and scanning unit, the three images are co-registered. The scanning unit, the
relay lenses, the piezo positioner, the objective, and the two PMT detectors are
assembled together as the imaging unit, forming a key portion of the imaging
head. An articulated mirror arm connects the optical path between an optical
table and the imaging head, facilitating skin imaging of different body sites.

For volumetric imaging, motorized translation stages are integrated
into the system including a z-translation stage (X-LSQ075A, Zaber Tech-
nologies) andmotorized x- and y-translation stages (LNR25ZFS, Thorlabs).
The imaging unit (Fig. 2a) is fixed on the carriage of the z stage so that the z
stage can be used for real-timeposition adjustment of the focal plane. The xy
translation stages are fixed on the base of the z stage. A customized adapter
with a clear central through-hole was installed on the x stage as a skin
measurement interface. On the top surface of the adapter, four holes are
drilled to fit in magnets, and on the bottom of the adapter, a sinkhole was
milled to accommodate a customizedmetalwindowwhich also has a central
opening. It is this metal window that is affixed onto the skin using double-
sided adhesive tape; the metal window is magnetically attached to the
adapter. The xy translation stages canmove the skin bidirectionally; during
volumetric imaging, the skin is moved only by the y stage.

The imaging unit together with the stages form the imaging head
(Fig.2a) which in turn is supported by an articulated arm. The entire system
is controlled by customized software written in C++ to control scanning,
stage motion, data acquisition, and data saving. Post-image processing,
motion correction, and volume reconstruction were completed by custo-
mized software written in C++.

Vertical plane scanning
Vertical-plane xz scanning is realized with an 8 kHz resonance mirror for
fast x-axis scanning and a piezo positioner for slow z-axis scanning. A DC
voltage signal was used to drive the resonance scanner to scan along the
x-direction. The amplitude of this voltage controls the scanning range. The
piezo positioner is controlled by a controller unit (NV 40/1CLE, Piezo-
system Jena GmbH, Jena) which has a bandwidth of around 10Hz (capa-
citance of 21 µF). A voltage waveform was generated by a data acquisition
(DAQ) card (NI USB-6343, Nation Instruments, Inc.) and sent to the
controller to drive the piezo positioner for scanning the focused laser spot in
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the z-direction. Every time one line is scanned, the resonance scanner will
output a horizontal synchronization signal (Hsync). Hsync signals the
movement of the piezo positioner by one step in the z-direction (slow axis).
To generate an image with 512 × 512 pixels, at least 512 steps need to be
executed in the z-direction. However, due to the limited bandwidth of the
controller and the mechanical inertia of the piezo positioner, the piezo
positioner cannot directly follow the driving signal. If the piezo positioner is
driven by a sawtooth signal, the resultingmovement trajectory will not be a
linear pattern,whichmakes it hard to do image correction.When it is driven
by a sinusoidal signal, the actual moving trajectory will retain a sine pattern,
but with a phase shift and amplitude attenuation that can be pre-
compensated easily. To achieve high-speed bidirectional imaging, we
employed a sinusoidal drive signal.

Amplitude attenuation means the piezo positioner will not reach the
designated maximum position set by the driving voltage, causing a differ-
ence between the actual versus desired scanning ranges; the actual scanning
range is calibrated by monitoring the feedback position curve of the piezo
positioner with an oscilloscope. To correct phase shift, phase pre-
compensation is required to match the starting point of z scanning to the
vertical synchronization signal. This is done by incorporating a phase shift
into the driving voltage.

Supplementary Fig. 1 is an illustration showing the compensation
process. Supplementary Fig. 1a shows the time shift Δt and the amplitude
attenuation ΔA between the drive signal and the feedback signal. Strictly
speaking, the time shiftΔt is the phase shift between the feedback signal and
the vertical synchronization signal (Vsync) which marks the start of a new
frame. The Vsync signal is generated by the DAQ card after counting a
certain number ofHsync pulses. The number ofHsync pulses is equal to the
number of lines that are scanned in a half-scanning cycle for bidirectional
imaging.

The function of the drive signal is:

y ¼ A cos
2π
N

n

� �
þ A

Heren refers to the ordinal of the line that is going to be scanned andN is the
total numberof lines thatwill be scanned in a full scanning cycle. The period
between adjacent lines equals the time that the 8 kHz resonance scanner
takes to scan one single line (TR), which is 1/8000 s. A is the voltage
amplitude.

For compensation, the original drive signal function was modified by
adding a phase shift component Δn (Δn ¼ Δt

TR
). At the same time, voltage

amplitude A was replaced with a calibrated one, A′ which compensates for
the attenuation.

Therefore, the new function is:

y ¼ A0cos
2π
N

nþ Δnð Þ
� �

þ A0

After compensation, the actualmotion of the piezo positionermatched
the Vsync signal well and the amplitude of the feedback signal had the
desired amplitude A as shown in Supplementary Fig. 1b.

Bidirectional imaging
To increase the imaging speed, we implemented bidirectional imaging by
fully utilizing the sinusoidal scanning pattern. One image is generated
during the downward scanning and a second image is generated during the
upward scanning. The key to achieving this function is via video timing
configuration of the frame grabber (Supplementary Fig. 2).

Step 1. Set the synchronization signals to enable bidirectional imaging
or upgrade from unidirectional imaging. For unidirectional imaging, one
Vsync is generated after the piezo completes a full cycle, whereas for
bidirectional imaging, there has to be one Vsync signal for each half cycle.

Step 2. Configure the video timing. The image acquisition device is a
frame grabber. The digitizer configuration files (DCF) are used to define

video timing. The same settings also apply to other image acquisition
devices, for example, a data acquisition card. Four parameters are to be set
for vertical scanning: number of lines per frame (N0), vertical synchroni-
zation time (VS), front porch (FP), and back porch (BP). The parameter VS
sets the time period for vertical synchronization, while the FP and BP set
time periods before and after VSwhen imaging is blanked. The relationship
among the four parameters is shown in Supplementary Fig. 2. The actual
imaging area falls between BP and the next FP. For bidirectional imaging, it
is necessary to keep the imaging region of both the upward scanning and the
downward scanning the same.Otherwise, the vertical scanning range of the
two acquired images will be different. The DCF file is therefore set to make
FPequal in time to the sumofVSandBP.Tomakebetter useof the scanning
area, FP can bemade as short as possible and BP can be set to zero such that
FP can have the same time period as VS. The total number of lines scanned
in the vertical direction in a cycle isN = 2(N0+VS+ FP). For our imaging
system, N0 is set to 512, VS = 5, and FP = 5, therefore the total N is 1044.

The bidirectional imaging proposed here is not limited to the linear
region and information from both upward and downward scanning is
acquired. Therefore, almost the entire scanning cycle is used. More
importantly, the frame rate is doubled by bidirectional imaging, which
benefits the in vivo vertical section imaging.

Image distortion correction
Images or videos acquired through bidirectional vertical section scanning
will double the frame rate of image acquisition but also introduce image
distortions. For the x-direction, sinusoidal correction algorithms were used
to redistribute the pixels according to their index in the acquired original
images39. In contrast, signals in the z-direction were affected by both non-
linear scanning and piezo positioner hysteresis. We corrected every pixel
position according to its feedback position data and considered three kinds
of distortions. The first distortion is the inverted image acquired during
upward scanning. The second distortion is image stretching in the top and
bottom parts arising from the sinusoidal scanning. The last and most
challengingone is causedby thehysteresis of the piezopositioner.Hysteresis
prevents the actual trajectory of the piezo positioner from following an ideal
sine wave in the fast scanning mode, leading to mismatches between the
downward and upward scanning trajectories. The phenomenon of hyster-
esis during vertical scanning is shown in Supplementary Fig. 3. The actual
scanning trajectory is rebuilt according to the position feedback signals
acquired during scanning. Supplementary Fig. 3a shows all position data
(1044 points) of one scanning cycle of the piezo positioner. In Supple-
mentary Fig. 3b, the position data of the upward scanning (blue line) is
horizontally flipped to compare with that of the downward scanning (red
line). The effect of hysteresis ismarkedby a black arrowpair. This nonlinear
distortion cannot be easily corrected by a standard sinusoidal algorithmas is
used for resonance scanning in the x-direction. To correct all sources of
distortion as described above we use the feedback position data to redis-
tribute each pixel from the raw image to a distortion-free image via pixel
mapping. The correction procedure is shown in Supplementary Fig. 3b, c.
We used the downward image as an example to show the procedure.

First, basedon thefirst and last positiondata (Pbottom andPtop) aswell as
the number of lines (N) scanned in each cycle, an ideal sinusoidal wave is
generated using the following function:

FðnÞ ¼ �A0cos
2π
N

n

� �
þ B0

A0 ¼
Ptop � Pbottom

2

B0 ¼
Ptop þ Pbottom

2
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Thenaprojection lineL is generatedwhich is tangential to the ideal sine
wave at the middle point N/2. The slope of line L is K ¼ 2πA0

N , and the line
function is LðnÞ ¼ Knþ B0 � πA0. The downward scanning position
curve is named asDScan(n) and theflipped upward scanningposition curve
as UScan(n). According to video timing, position data that corresponds to
the acquired image canbedetermined:withour configuration, it is the 5th to
516thdatapoint (index starts from0).Wename the corresponding start and
end indicesnstart andnend. These 512positiondata points arematched to the
512-pixel lines in the acquired raw image one by one. The z position where
each pixel line in the raw image is acquired can be expressed as
Ppixel_index = DScan(pixel_index+ nstart).Thepixel_indexalso starts from0.
The next step is to determine the number of pixel lines for the corrected
image as shown in Supplementary Fig. 3b. Both DScan(nstart)
andDScan(nend) are projected to the horizontal axis through projection line
L to get the new start and end indices (n′start and n′end) for the
corrected image. The number of pixel lines for the corrected images is
therefore n′end− n′start+ 1. The z position of each pixel line (with an index
of pixel_index’) in the corrected image can be calculated as
Ppixel_index′ = L(pixel_index′+ n′start).

For each Ppixel_index′ or L(n′ = pixel_index’+ n′start), the value is com-
pared to all the position data inside on the DScan curve to find
the nearest one (i.e. ndown) as shown in Supplementary Fig. 3c. A mat-
ch relation between all n′ and ndown is then built and expressed as an
array: M(n′) = ndown (n′ starts from n′start to n′end), so L(n′) =
DScan(M(n’)) = DScan(ndown).

Finally, each pixel line of the corrected image will be filled by a cor-
responding pixel line in the raw image using the actual position as an
intermediate parameter:

Ppixel0index
¼L pixel0index þ n0start

� �
¼DScan M pixel0index þ n0start

� �� �
¼PMðpixel index’þn0startÞ�nstart

Therefore, a pixel line with the index of pixel_index′ in the
corrected image will be replaced by a pixel line with the index of
M(pixel_index′+ n′start)− nstart in the raw image.

Similar to the standard sinusoidal algorithm, the above correction
method will also lead to decreased pixel number in the vertical direction,
especially in the top and bottom regions. The vertical line number of the
corrected image, in this case, decreased to 337 from the original number of
512. The new imagewas expanded to 512 lines through linear interpolation.
Finally, the image was binned by a factor of 2 along both the x and z
directions to increase the signal-to-noise ratio.

The same correction method was performed for the upward scanning
image. Since each pixel in the corrected image was placed according to its
actual position, all threekinds of distortionswere corrected at the same time.
In addition, it was found that the motion of the piezo positioner had good
reproducibility. Therefore, it is unnecessary to acquire position data for
every scanning cycle. Instead, the position data was only acquired at the
tenth cycle when the motion already become stable. Every time a new
imaging operation starts, the position data acquisition procedure is started
first and then these data are used for distortion correction during real-time
imaging.

In vivo skin measurements
Before eachmeasurement, the skin site was cleanedwith distilledwater. The
skin site can be measured directly or with a glass coverslip (Fig. 2b, c). For
direct skinmeasurement, a plastic plate with a circular opening at the center
(5mm size) was used to attach the metal window to the skin. Double-sided
adhesive tapeswere attached along the edge of both sides of the plastic plate.
One side of the plastic plate is attached to the metal window and the other
side to the skin by positioning the location of interest to the center of the
opening. The metal window served to couple the skin site to the translation
stage.Water is added between themicroscope objective and the skin surface

for refractive indexmatching. The skin tissue volumes shown in Fig. 1 were
acquired in this way.

The skin can also be measured with a glass coverslip, thereby further
suppressing motion and flattening the skin surface for improved imaging
quality. In this situation, the coverslipwas attached to themetalwindowfirst
with ring-shaped double-sided tape. Then a drop of water was added on the
skin site to bemeasured followed by attaching themetal window to the skin
with another piece of ring-shaped double-sided tape. Care was taken to
avoid introducing bubbles between the coverslip and the skin. Here again,
the metal window is served to couple the skin site to the translation stage.
Finally, water is added between the microscope objective and the coverslip
for refractive index matching. The vitiligo (Fig. 7) and melanoma in situ
lesion (Fig. 8) were measured in this way.

Digital image processing
Before the images from the three channels were merged to build a pseu-
docolor composite. The SHGandTPF imagesweredigitally processedusing
ImageJ (Supplementary Figs. 4 and 5). First, amedianfilterwith a radius of 1
pixel is applied to the target image for noise reduction. Then we used the
window/level function to increase the contrast and brightness. RCM images
are generally not digitally processed when generating pseudocolor com-
posites, butwhennecessary, itwasprocessed for better visualization through
intensity compensation (Supplementary Note 2, Supplementary
Fig. 6 and 7).

Volumetric imaging
The procedure for volumetric imaging is shown in Fig. 1b. The skin is
moved by the translation stage in the y-direction (up to 12mm)while the xz
section images are continuously acquired rapidly at 15 frames per second.
The frame rate dividedby the translation speed of the y stage determines the
sampling rate of the volumetric imaging. For example, if the translation
speed is 15 µm/s, the sampling rate will be 1 frame/µm or 1000 frames/mm.
This value shouldmatch the sampling rate or pixel resolution in the x and z
directions. The rawvertical imaginghas a dimension of 200 × 200 µmwith a
pixel resolution of 512 × 512 pixels. In order to increase the signal-to-noise
ratio (SNR) and decrease the image size, 2 by 2 pixel binning is further
applied to reach a pixel resolution of 256 × 256 pixels for every vertical
section image. To match this pixel resolution, we should acquire 1280
frames permillimeter in the y-direction, which corresponds to a translation
speed of 11.72 µm/s. If high SNR is required, similar to pixel binning for the
vertical section image, the y-translation speed can be set lower as desired to
acquire more images per µm for frame averaging. For example, for five-
frame averaging, the y-translation speed can be set at 2.34 µm/s. In this case,
6400 (1280 × 5) frames will be acquired for one millimeter. When the
volume is reconstructed, five-frame averaging is performed to match the
pixel resolution of the x and y directions. The motion-correction step is
performed after acquiring all the volumetric data, with an average proces-
sing time of 1.7 s per 1000 frames.

Surface flattening
The surface-flatteningmethod adjusts the overall skin surface of the imaged
volume so that it is aligned along a single plane. Although one straightfor-
ward idea is to directly align the detected skin surface to a single plane, it will
introduce new artifacts. This is because the skin surface detected using the
thresholding method does not correspond to the exact skin surface auto-
matically especially when there is debris on the top. However, the overall
profile of the skin surface can be determined by low-pass filtering the
detected and motion-corrected skin surface. Based on the smoothed skin
surface profile, every surface point of the skin volume can be flattened
continuously. It allows the shaping of the skin surface without introducing
large local variations. It also keeps the micro-roughness of the skin. The
details are shown below.

Step 1. Obtain the skin surface profile of themotion-corrected volume.
The surface of every xz frame of the raw volume is a one-dimensional (1D)
array Sn, therefore, the detected skin surface of the whole raw volume is a
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two-dimensional (2D) array which is expressed as S_volume. According to
the motion curve determined in the motion-correction section, every Sn is
subtracted by the corresponding value in the motion curve to generate
Sn_new. All Sn_new forms a new 2D array called S_volume_new, which
represents the motion-corrected skin surface of the whole volume.

Step 2. The low spatial frequency profile of S_volume_new was
generated and designated as S_volume_new_filtered. The low spatial
frequency profile shows the overall curvature of the skin surface while
avoiding the high dependence on the thresholding detection method.
The 2D low-pass surface filtering method is shown in Supplementary
Fig. 8. The 2D array of themotion-corrected surface was displayed as an
image as shown in Supplementary Fig. 8a. To avoid the edge effect, the
2D array was symmetrically padded around the four edges with an
extension length of 200 pixels. The original 2D data has a dimension of
256 pixels by 4071 pixels and the extended dataset now has a dimension
of 656 pixels by 4471 pixels. The dashed rectangular outlines the
dimension of the original data. The Fourier domain of 2D padded data
is calculated and displayed as an image in the Fourier domain, as shown
in Supplementary Fig. 8b. According to the principle of discrete Fourier
transform (DFT), the frequency domain image has the same dimen-
sions as the raw image. However, the interval at which the DFT is
sampled is the reciprocal of the dimension of the input. Therefore, the
same 2π spatial frequency has different samples in the x and
y-direction.

Then a first-order 2D Butterworth filter was generated with the
function:

Hbutterworth ¼
1

1þ x�x0
dx

� �2 þ y�y0
dy

� �2

Where x and y correspond to the coordinates of points in the image in the
Fourier domain, x0 and y0 are the coordinates of the center of the image, and
dx anddy correspond to the cutoff spatial frequency in the x andy-direction.
The filter can be displayed as the filter image in Supplementary Fig. 8c. The
cutoff frequency was set at 2π/25, which means the two ratios- dx to the
dimension in the x-direction and dy to the dimension in the y-direction
were set at 1/25. Filtered Fourier domain data (Supplementary Fig. 8d) can
be generated by multiplying the filter with the Fourier domain data. Next,
though inverse discrete Fourier transform, we can then get the low-pass
filtered 2D padded surface data. The filtered 2D surface data without
padding can finally be cropped out and designated as
S_volume_new_filtered.

Step 3. The position of a flat surface is set as the xy plane passing the
maximum value of the overall profile of the first frame. And the difference
between S_volume_new_filtered and the flat surface is calculated as
S_deltatoflat.

Step 4. The total correction array Acorrection is calculated by adding the
corresponding values of themotion curve array to the S_deltatoflat. Finally,
every column of the raw volume data is shifted up/down according to the
corresponding value of Acorrection.

Volume contrast enhancement
Amethod based on gamma correction and linear histogram stretching was
used for volume contrast enhancement. Gamma correction is a nonlinear
histogram stretching operation:

Iout ¼ Iinγ

Iin and Iout are normalized pixel intensities (in the range of 0–1) before
and after gamma correction. When γ is smaller than 1, gamma correction
will make the dark part of the image brighter, while the already bright part
changes less. Liner histogram stretching stretches the range of the intensity
values of an image into a larger range to improve the contrast. First, the
method applied gamma correction for each horizontal plane image in the

surface flattened volume. The gamma value was set depending on the
brightness of the image and it has a range of 0.4–1. The brightness is
evaluated as the ratio between the average pixel intensity (Ave_pixel) of all
nonzero pixels in the image to the maximum intensity (i.e. 255 for an 8-bit
image):

γ ¼ 0:6×Ave pixel
255

þ 0:4

After gamma correction, each image is further contrast-enhanced by
stretching its histogram from (minimum nonzero, maximum) to (0.1, 1),
(0,1), and (0,1) for RCM, TPF, and SHG channels respectively. Nonzero
pixels are emphasized because themotion correction and surface-flattening
methodsfill the volumewithmany zero values and the actual backgroundof
the acquired images is not zero. If these filled zeros are treated as the
minimum pixel value of the image, the contrast enhancement methods will
over-correct the images that have many zero-value pixels, making these
images too bright.

Statistics and reproducibility
Wehave successfully acquired over 60 datasets using the xz-y volumetric
imaging method from 12 volunteers. This includes 6 volunteers for
normal skin measurement and 6 for diseased skin, including 1 mela-
noma. In some instances, we were unable to reconstruct the volumetric
data. The method fails when motion is too severe, causing the skin
surface to frequently move outside of the vertical plane’s field of view.
Additionally, the reconstruction of high-quality data may be compro-
mised if the skin window is not properly secured with the stage adapter,
leading to lateral movement.

Inclusion & ethics
The study and informed consent process for human subject measurements
were approved by the University of British Columbia Clinical Research
Ethics Board (Certificate #:H96-70499). Consent formswere acquired from
all study subjects. All ethical regulations relevant to human research parti-
cipants were followed.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available from the corre-
sponding author upon reasonable request.

Code availability
Custom code and software for motion correction and volume reconstruc-
tion are available from the Zenodo Repository - https://doi.org/10.5281/
zenodo.14648379 (ref. 40).
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