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ABSTRACT: Congenital defects and abnormal hemodynamics are
widely accepted theories in bicuspid aortic valve (BAV)-associated
aortopathy. However, current clinical criteria for surgical inter-
vention in BAV patients fall short of direct correlation with neither
factor. Here, we applied nonlinear optical (NLO) microscopy to
investigate the microstructural changes of the aortic wall associated
with bicuspid aortopathy at different stages. Fresh aortic specimens
were collected from 24 study patients and assessed by NLO
scanning layer-by-layer to probe the distribution of the extracellular
matrix and smooth muscle cells (SMCs). NLO images demon-
strated near-perfect concordance with traditional histology
(Masson’s and Weigert’s staining), affirming its reliability for
histologic assessment. In BAV-associated aortic dilatation (BAV-AD), collagen fibers exhibited better alignment with a helix-like
pattern compared to tricuspid aortic valve (TAV) patients, while their content was markedly reduced relative to nondilated BAV
(BAV-NA) cases. Notably, both collagen and elastin fibers in BAV patients displayed more ordered alignment in regions subjected to
high wall shear stress than in low wall shear stress regions. Quantitative analysis of fiber anisotropy and relative abundance revealed
distinct interpatient and spatial variations in collagen organization, underscoring the complex biomechanical landscape associated
with aortic remodeling. Our results demonstrate that rapid and precise tomography of aortic architecture could be realized by NLO
microscopy, serving as a potential histological marker to guide surgical intervention in bicuspid aortopathy.

■ INTRODUCTION
Bicuspid aortic valve (BAV) is the most common congenital
heart defect worldwide, occurring in 1−2% of the general
population.1 It is associated with a series of aortopathy, among
which dilatation of the ascending aorta is commonly
manifested,2 but the underlying mechanism is not defined. In
all BAV patients, the incidence of catastrophic aortic outcomes
such as dissection and rupture has been estimated to be much
higher than in the general population,3 bringing precise
determination of optimal surgical intervention timing of
aorta, defined as the time point when the risk of conservative
management exceeds the risk of surgery, to a vital position.
The aortic wall is composed of the intima, adventitia, and
media with multiple layers. Although classical histology with
Masson’s and Weigert’s stains is capable of identifying the
main components in aorta, such as collagen fibers, elastic
fibers, and smooth muscle cells (SMCs), it is time-consuming
and inapplicable in the intraoperative settings. Hence, it is
difficult and controversial, especially when the patient is
indicated to have aortic valve replacement due to the severe
valvular problem.4 Currently, cardiovascular surgeons primarily
rely on the measured aortic diameter or their clinical
experience.5,6 However, the cutoff value, 4.5 cm of the

ascending aorta’s diameter, neither has convincing evidence
nor adequately reveals the underlying pathology of aortopathy.
Therefore, imaging tools that provide accurate and rapid
intraoperative histopathological profiles of healthy and
damaged aortic tissues are of critical importance.
Label-free nonlinear optical (NLO) microscopy techniques,

including two-photon excited fluorescence (TPEF), second
harmonic generation (SHG), and stimulated Raman scattering
(SRS) microscopy (Figure 1), have become powerful tools for
diverse biomedical research studies.7−10 These microscopy
techniques rely on distinct nonlinear optical processes arising
from light-mattering interactions, each offering unique
molecular specificity within biological samples.9,11−13 TPEF
is sensitive to endogenous fluorophores, including NAD, FAD,
elastin fibers, etc.8,14,15 In aortic tissues, elastin fiber is the main
source of TPEF. SHG is a coherent second-order nonlinear
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optical process, which requires the breaking of inversion
symmetry and exhibits high sensitivity to type I collagen fibers
in biological tissues.16−18 SRS microscopy is a more recently
developed coherent Raman technique that boosts Raman
signal through stimulated emission, enabling rapid imaging of
cells and tissues with high molecular specificity and spatial
resolution.7,19−23 In aortic specimens, SRS primarily maps the
distribution of smooth muscles, which are rich in C−H

bonds.24 All of these label-free NLO techniques have the
potential to be adapted in intraoperative settings and may
provide rapid diagnosis on fresh, unprocessed tissues, both ex
vivo and in vivo. In addition, the intrinsic optical sectioning
capability allows layer-by-layer tangential-plane scanning of
aortic tissue histoarchitectures, thereby generating compre-
hensive three-dimensional information on the aortic wall.
Despite previous efforts on applying these imaging techniques

Figure 1. (A) Optical layout of the multimodal NLO microscopy. (B) Energy diagram and optical transitions of SRS, SHG, and TPEF. (C) A
typical spectrum of aortic tissue showing various nonlinear optical signals. (D) The same cross-section plane of ascending thoracic aorta displayed
in Masson’s and Weigert’s stains. Zoomed-in NLO images demonstrate detailed architecture at different locations of the aorta cross-section, such as
collagen fibers (red), elastin fibers (cyan), and SMCs (yellow). Scale bars: 1 mm (D, left), 200 μm (D, right). EOM: electro-optical modulator; FL:
filter; Lock-in: lock-in amplifier; PD: photodiode.
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for label-free tissue histology of many types of human
diseases,25−28 the potential for integrating their advantages to
help evaluate vascular damage has never been rigorously
investigated.
In this study, we have applied a multimodal NLO

microscopy with integrated TPEF, SHG, and SRS to generate
multichromatic images of aortic media, capturing the spatial
distributions and structural characteristics of smooth muscle
cells, elastin fibers, and collagen fibers. We aimed to
demonstrate that the ascending aorta of trileaflet aortic valve
(TAV) donors and BAV patients develop distinct histological
features in response to regional hemodynamic differences,
which could be early signs of ascending aorta pathologies in
patients with BAV-associated aortopathy.

■ METHODS
Tissue Collection. All tissue samples from total 24 patients

were harvested at Zhongshan Hospital, Fudan University,
Shanghai, between April 2018 and August 2020 including 6
normal TAV patients, 9 BAV-associated aortic dilatation
(BAV-AD) patients, and 9 nondilated BAV (BAV-NA)
patients. The Ethics Committee of Zhongshan Hospital
approved the study (B2018-285R) in 2018. All patients or
their legal representatives were fully informed and given
written consent before the study. The investigation conformed
with the principles outlined in the Declaration of Helsinki.
Ascending aortic specimens of normal TAV patients as well as
BAV-NA patients were collected from heart transplant donors
without aortic disease and with TAV or BAV, respectively.
Meanwhile, specimens of BAV-AD patients were collected
during elective Wheat’s or Bentall’s surgery from patients with
BAV-associated severe aortic stenosis or aortic regurgitation
and accompanied by ascending thoracic aortic dilatation
(diameter ≥45 mm).
Sample Preparation. For thin tissue sections, frozen

tissues were sectioned using a fast cryotome (CM1950, Leica)
into a series of adjacent 4 μm, 10 μm, and 4 μm thick slices.
The middle 10 μm slice was used for NLO imaging directly
without additional processing, and the 4 μm slices on both
sides were sent for Masson’s and Weigert’s staining,
respectively. To perform both SRS imaging and Weigert’s
staining on the same frozen tissue section, the 4 μm slice was
first imaged with NLO microscopy, followed by Weigert’s
staining. These tissue sections were used to correlate NLO
imaging with traditional histology staining.
For fresh tissue preparation, upon excision and intima

stripping, fresh aortic tissues were sealed between two glass
coverslips and a perforated glass slide (0.5 mm thickness) to
maintain a constant thickness. Fresh tissues were imaged
directly with NLO microscopy. For quantitative analysis, all
tissue images were taken at the same depth of 15 μm.
Histology Staining. Specimens designated for histology

were sectioned, fixed in 10% buffered formalin, and embedded
with paraffin. Sections were processed by Masson’s trichrome
or Weigert’s elastic stain, using a commercially available kit
from Servicebio Inc. and Solarbio Inc. and following the
manufacturer’s instructions. With Masson’s stain, collagen
fibers stained blue and SMCs pink. With Weigert’s stain,
collagen fibers, elastin fibers, and SMCs appear pink, dark blue,
and yellow, respectively.
Multimodal Nonlinear Optical Microscopy. SRS,

TPEF, and SHG imaging were integrated into the same
platform via the multimodal system shown in Figure 1. The

experimental setup was based on a previously described
system.25,29−31 Briefly, pulsed femtosecond laser beams from a
commercial optical parametric oscillator (OPO) laser (Insight
DS+, Newport) served as the light source. For SRS imaging,
the fundamental 1040 nm laser was set as the Stokes beam
(∼150 fs) and the tunable OPO output (690−1300 nm, ∼120
fs) as the pump beam. The intensity of the 1040 nm beam was
modulated at 20 MHz using an electrooptical modulator
(EOM). The two laser beams were stretched to picoseconds
via SF57 glass rods for spectral resolution and combined
through a dichroic mirror (DMSP1000, Thorlabs), spatially
and temporally overlapped, delivered into the laser-scanning
microscope (FV1200, Olympus) and focused tightly onto the
samples. The SRS signal was detected by a back-biased
photodiode (PD) and demodulated with a lock-in amplifier
(LIA) (HF2LI, Zurich Instruments). The 800 nm beam was
the main excitation source for TPEF and SHG, which exhibit
significantly different spectra and can be separated using
proper optical filters (Figure 1A−C): SHG with a narrow
bandpass filter (FF01-405/10, Semrock) and TPEF with a
broad bandpass filter (FF01-575/59, Semrock). To minimize
the orientational effects of fibers, we applied circular
polarization for both pump and Stokes beams without any
detection polarizer.32 All three modalities were imaged
simultaneously, with SRS collected in transmission mode and
SHG and TPEF in epi mode. The imaging speed used
throughout the experiments was 2 μs per pixel, with each
image containing 512 × 512 pixels, i.e., ∼1 s/frame. We used a
60× objective (Olympus, UPLSAPO 60XWIR, NA 1.2 water)
with a lateral resolution of ∼400 nm and an axial resolution of
∼2 μm. Laser powers of 20 mW for the pump and 10 mW for
Stokes pulses were used to image fresh tissue sections.
Quantification of Fiber Contents. Each image (including

SHG, TPEF, or SRS) was imported into ImageJ software
(NIH, USA) for quantitative analysis. Pixel intensity histogram
was generated by a plugin program. Since the total protein
content measured by SRS exhibits much more stable intensity
across sample groups, we took SRS intensity as a reference to
quantify collagen and elastin fiber contents. The relative
quantification of collagen fiber contents was determined by the
ratio between the mean intensity of SHG to that of SRS, and
the relative quantification of elastin fiber contents was
determined by the ratio between the mean intensity of
TPEF to that of SRS.
Quantification of Fiber Anisotropy. The two-dimen-

sional fast Fourier transform (2D-FFT) approach was used to
measure fiber alignment in NLO images32 (Figure S1). The
2D-FFT function converts spatial information in NLO images
into a frequency domain that maps the rate at which pixel
intensities change in the spatial domain. The resulting
frequency plot contains a cluster of white pixels that are
concentrated in a symmetrical circular pattern around the
origin. A circular projection is placed on the frequency plot
(using the ImageJ circular marquee tool). Using the ImageJ
oval profile plug-in, the pixel intensities are then summed along
the radius for each angle of the circular projection (0−360°).
The summed pixel intensities for each radius are then plotted
against the corresponding angle of acquisition (position of the
radial projection on the circular projection) to produce a 2D
FFT alignment plot. All NLO images were stored and analyzed
as uncompressed .TIF files to preserve the image integrity.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c04657
Anal. Chem. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04657/suppl_file/ac5c04657_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c04657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Label-Free Optical Characterization of Human Aortic

Tissues. The pathological and biomechanical properties of the
aortic wall are determined by its histoarchitectures and
chemical compositions, including elastin fibers, collagen fibers,
and smooth muscle cells (SMCs), which can be revealed by
multimodal NLO microscopy. The optical layout of our
integrated multimodal NLO system is illustrated in Figure 1A,

where three types of NLO (SRS/SHG/TPEF) signals can be
simultaneously acquired. Their energy diagrams and corre-
sponding optical transitions of the three types of NLO are
illustrated in Figure 1B. SRS amplifies the weak Raman signal
by 3−5 orders of magnitude via stimulated emission from the
Stokes beam, enabling chemical specific imaging based on the
vibrational modes of intrinsic biomolecules (such as lipids and
protein). In this study, SRS images taken at 2930 cm−1 (CH3

Figure 2. (A,B) En-face aortic tissue imaged with NLO microscopy and Weigert’s stain on the same section. (C−F) Zoomed-in images showing
detailed morphological and chemical correlations between NLO and Weigert’s. In NLO, collagen fiber, elastin fiber, and SMCs are colored red,
blue, and yellow, respectively. In Weigert’s stain, collagen fiber, elastin fiber, and SMCs are colored pink, blue, and yellow, respectively. Scale bars: 1
mm (A,B), 200 μm (C−F).
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stretching mode) were used to quantify the total protein
content of SMCs and extracellular matrix (ECM); SHG images
were generated by type I collagen fibers with breaking
inversion symmetry; and the TPEF channel imaged the

autofluorescence of elastin fibers in aortic tissues (Figure
1B). A typical multimodal NLO spectrum from aortic tissue is
shown in Figure 1C under the excitation of 802 nm (pump)
and 1040 nm (Stokes), showing various nonlinear optical

Figure 3. (A) Schematics of the captured image from different depths of the aorta media by NLO microscopy. (B−D) Representative images
demonstrating typical collagen (red) and elastin (green) fibers distribution and orientation in the aorta media of normal TAV patient (B), BAV-NA
patients (C), and BAV-AD patients (D). Scale bars: 30 μm.
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signals. The sharp peaks at 401 and 520 nm are the SHG
signals of the pump and Stokes, respectively. The sharp peaks
at 453 and 653 nm are the sum frequency generation (SFG)
and coherent anti-Stokes Raman scattering (CARS) signals
contributed from both pump and Stokes pulses, whereas the
broad spectral feature from 500 to 650 nm is the TPEF signal
induced by two-photon absorptions. To avoid crosstalk
between different types of NLO signals, only the peak at 401
nm was detected as the SHG channel with a narrow bandpass
filter (FF01-405/10, Semrock), the spectral range of 545−605
nm was collected as the TPEF channel with a bandpass filter
(FF01-575/59, Semrock), and the SRS channel was detected
through demodulation of the pump beam intensity using a
lock-in amplifier (Figure 1A and C).
To assess the ability of NLO microscopy to reveal normal

histoarchitectures of human aortic tissues, we first imaged the
cross-section of a sample obtained from a heart transplant
donor with TAV and a normal ascending aorta (Figure 1D).
The smooth muscle cell (SMC), collagen, and elastin fibers
were imaged by SRS (yellow), SHG (red), and TPEF (cyan),
respectively. Then, it was compared to Masson’s and Weigert’s
stained images of adjacent thin frozen sections (Figure 1D,
left). It can be seen that not only the overall morphologies of

the tissues imaged by the three methods agree well with each
other but also the distributions of the chemical components
match well. For instance, all methods found that the collagen
fibers usually form more in both adventitia and intima of the
aortic wall, and the elastin fibers tend to appear more in the
media of the aorta. Magnified NLO images at different
locations clearly show detailed morphologies of collagen and
elastin fibers without any exogenous stain (Figure 1D, right).
To further demonstrate that NLO microscopy could provide

equivalent histological information as Weigert’s stain and could
also image the face of aortic walls, we performed both
modalities imaging on the same frozen tissue section. NLO
imaging was first performed without introducing any
disturbance to the specimen, followed by Weigert’s staining.
Both images at different magnifications are shown in Figure 2.
Images of the whole section are compared in Figure 2A and B,
showing the perfectly matched morphologies of the two
imaging methods. More importantly, it can be seen from NLO
images that collagen fibers deposit more heavily on the right
side of the tissue (red, SHG), while elastin fibers appear more
on the left (blue, TPEF), which agree with the Weigert’s stain,
showing pinkish on the right and dark blueish on the left.

Figure 4. (A) Typical large-scale SHG images of the aorta media from normal TVA, BAV-NA, and BAV-AD patients by NLO microscopy. (B)
Intensity histograms of SHG (red) and SRS (black) images of the aorta media from the three groups. (C) 2D-FFT maps converted from the SHG
images in (A). (D) 2D-FFT alignment plots of SHG images. Scale bars: 200 μm.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c04657
Anal. Chem. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c04657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. (A) CMR 4D flow pattern in the ascending aorta distal to the aortic valve of BAV-AD patients before operation (left panel), HWSS area
(red dot), and LWSS area (yellow dot) were marked in the bright-field image (middle panel) and merged image (right panel). (B) Representative
large-scale images of HWSS and LWSS areas marked in (A) using NLO microscopy. (C) The magnified regions of interest, from left to right, are
collagen fiber (Red) and its local 3D reconstruction (inside yellow frames), elastin fiber (Green), and merge of collagen and elastin fiber. Scale bars:
100 μm in (B) and 50 μm in (C).
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Furthermore, zoomed-in images proved that NLO images
and Weigert’s staining reveal almost identical structures of
collagen fibers (arrows, Figure 2C and D), elastin fibers
(asterisks, Figure 2C and D), and SMCs (Figure 2E and F). It
is even evident that NLO microscopy is more sensitive in
imaging collagen fibers as its pink stain does not provide strong
contrast in the Weigert’s images (Figure 2C−F). These results
on thin tissue sections verified that NLO images could reveal
the same critical histological features as standard histopathol-
ogy in a label-free manner, which provided the basis for studies
on fresh tissues.
Revealing Histoarchitectural Changes of Fresh Aortic

Tissues in BAV Patients. It is known from the literature that
aortopathy in BAV disease often refers to progressive dilatation
of the ascending aorta in which medial degeneration plays a
vital role.2 Therefore, to evaluate the ability of NLO
microscopy to detect the matrix architecture of the aortic
media as well as testify the aforementioned medial remodeling
in BAV disease, we then imaged aortic media samples of
normal TAV, BAV-NA, and BAV-AD patients at different
depths from the intima-face of tunica media (Figure 3A).
Representative images of collagen (red) and elastin (green)
fibers at depths of 5, 15, and 25 μm were shown in Figure 3B−
D. The contents and arrangements of fibers showed a
remarkable difference across samples, while mild variations
were found on images at different depths from the same
patient.
To further illustrate the differences among patient types,

large-scale images at a depth of 15 μm were demonstrated in
Figure 4A. Typically, we found a considerably higher content
of collagen fibers in BAV-NA patients’ aortic media than in
normal TAV patients (Figure 4A), whereas BAV-AD patients
seemed to bear a loss of collagen fibers, and interestingly, these
collagens displayed a bundle agglomeration and helical

morphology, which could be interpreted as a retraction after
tension exceeding breaking threshold.33 These large-scale SHG
images (Figure 4A) and their corresponding SRS images
(Figure S2) were imported into ImageJ software (NIH, USA)
for quantitative analysis. Pixel intensity histograms were
generated by plugin program and shown in Figure 4B. Note
that SRS intensity resulting from total protein contents appears
relatively stable across different sample groups (Figure S2),
and it was used as reference for fiber quantification in the
subsequent analysis (Methods). Quantitative histograms
agreed with the compensatory hyperplasia of collagen fibers
in BAV-NA patients and the loss of collagen fibers in BAV-AD
patients (Figure 4B).
To quantify the arrangement of fibers, the 2D FFT function

converted the SHG grayscale images into frequency domain
plots defined mathematically, which map the rate at which
pixel intensities change across the images (Figure 4A and C).
The amplitude and phase angle of FFT plots, respectively,
carried the intensity and shape information on the images. The
frequency plot produced by NIH ImageJ software places low-
frequency pixels at the center, which corresponded to domains
within the image that contain pixels of similar intensities. High-
frequency pixels are placed away from the origin and toward
the periphery of the frequency plot, which corresponded to
spatial domains that exhibit abrupt changes in pixel intensity.
Compared to the BAV patients, the frequency plot of a normal
TAV patient contained a cluster of more white pixels that are
concentrated in a symmetrical, circular pattern around the
origin, indicating its relative random fibers (Figure 4C).
Summing up pixel intensities against the corresponding phase
angle produced 2D FFT alignment plots, and the symmetrical
property supported the sufficient analysis for 0° to 180°
(Figure 4D). During summation, the preferentially arrayed
pixels acted to increase the summed pixel intensity value along

Figure 6. Representative NLO images of HWSS and LWSS area, measured by CMR ascending aortic 4D flow pattern, of different bicuspid aortic
valve types. (A) Type 0 (valve with no raphe). Type 1 (valve with one raphe) includes: (B) N-R; (C) N-L; and (D) R-L. N, noncoronary sinus;
R(L), right(left) coronary sinus. Scale bars: 50 μm.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.5c04657
Anal. Chem. XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04657/suppl_file/ac5c04657_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5c04657/suppl_file/ac5c04657_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.5c04657?fig=fig6&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.5c04657?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a defined axis, producing a prominent peak in the 2D FFT
alignment plot. The degree of alignment presented in fiber
images were reflected by the height and overall shape of the
most prominent peaks presented in the alignment plots. In
contrast to normal TAV patients, the higher and narrower peak
in both BAV-NA and BAV-AD patients indicated a highly
oriented fiber architecture (Figure 4D). This demonstrates the
ability of NLO microscopy to detect specific histopathological
changes of BAV aortopathy and also indicates the diagnostic
value of collagen fibers.
Stress-Induced Alignments of Fibers in Ascending

Aorta. Valve-related hemodynamics, rather than genetic
defects, is increasingly accepted as the primary contributor to
the progression of aortopathy.34 To rule out the possibility of
the genotype effect, we performed NLO imaging on different
regions of BAV-AD patients’ ascending aortas according to the
wall shear stress (WSS), which is considered to correlate with
aortic wall remodeling.35 According to the wall shear stress
heat map provided by the four-dimensional cardiovascular
magnetic resonance (CMR 4D) flow pattern (Figure 5A), we
were able to identify the highest wall shear stress (HWSS) and
lowest wall shear stress (LWSS) locations and collected the
corresponding specimens during operation (Figure 5A). Both
HWSS and LWSS specimens from the same patient were
imaged by NLO microscopy, and the typical large-scale and
magnified SHG and TPEF images were shown in Figure 5B,C.
Consistent with our expectations, both collagen and elastin
fibers of HWSS regions revealed, to some extent, highly
oriented patterns compared to those of LWSS regions (Figure

5B), indicating the possible actions of the hemodynamic factor.
In the 3D reconstructed image, we found consistent collagen
fiber morphology, including both straight and wavy structures
(Figure 5C and Video S1). In LWSS regions, collagen fibers
exhibit more random orientation, while HWSS regions show
straighter, more oriented fibers, reflecting local remodeling due
to elevated hemodynamic stress. This supports the theory of
hemodynamics that asymmetrical fiber overstretch is in
response to high wall steer stress rather than genetic defects.34

Moreover, the presence of BAV fusion was reported to
influence the regional wall shear stress distribution and systolic
flow eccentricity.36 To further evaluate the general applicability
of our discovery by NLO microscopy, we also imaged dilated
ascending aorta specimens from 4 patients, caused by different
major phenotypes of BAV (Figure 6), namely, Type 0, N-R, N-
L, and R-L, according to the Sievers classification.37 Type 0
means aortic valve with no raphe; type 1 (valve with one
raphe) includes N-R, N-L, and R-L, where N represents
noncoronary sinus and R(L) represents right(left) coronary
sinus. HWSS and LWSS sites of BAV-AD patients’ ascending
aorta were measured as the procedure mentioned above.
Typical magnified images are shown in Figure 6. A remarkable
alignment of collagen and elastin fibers was observed in HWSS
in all four BAV phenotypes. At the same time, collagen fibers in
HWSS sites revealed striking helical and bundle-like structures,
which are significantly different from those in LWSS, where the
fibers appear more diffuse and randomly oriented.
Quantification of Fiber Contents and Orientations.

To quantitatively analyze the images of the measured tissues,

Figure 7. Quantitative analysis. (A) Relative quantification (RQ) of the luminous intensity of collagen and elastin fibers in normal TAV, BAV-NA,
and BAV-AD patients. (B) Alignment of collagen and elastin fibers in normal TAV, BAV-NA, and BAV-AD patients. (C,D) Relative quantification
value of collagen and elastin fibers in HWSS and LWSS regions of different BAV types, respectively. (E,F) Anisotropy of collagen and elastin fibers
in HWSS and LWSS regions of different BAV types, respectively. n = 6 (Normal-TAV), 9 (BAV-NA), 9 (BAV-AD). Bars represent mean ± SD.
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which are usually at the size of ∼3 mm2 (Figure S3) and taken
at a fixed depth of 15 μm, we applied fibers analysis using
ImageJ and FiberFit software on each truncated tile (∼150 ×
150 μm) and extracted the statistical results of the relative
quantity of each type of fiber as well as their alignment
anisotropy. As shown in Figure 7A, the relative abundance of
collagen fibers was dramatically increased in BAV-NA patients
compared to that in normal TAV patients, indicating extensive
collagen proliferation. In contrast, BAV-AD patients exhibited
a noticeable reduction in the collagen content (Figure 7B).
Differences in elastin fibers, however, appeared to be less
significant. Nevertheless, the relative quantities of either
collagen or elastin between HWSS and LWSS in different
BAV-AD phenotypes are not consistent and almost variable
(Figure 7C and D), which may suggest that BAV-derived
ascending aortic dilatation cannot be explained only by
changes in the amount of collagen and elastin.
In the meantime, the anisotropy of the fiber alignments in

different patients and two representative regions of 4 types of
BAV patients were reflected in Figure 6B,E,F. Statistical
analysis of images reveals that BAV-AD patients demonstrate
the highest oriented collagen fibers architecture while BAV-NA
patients also have a similar rise of anisotropy score in collagen
fibers but not as statistically significant. Similarly, this feature
also appeared on collagen fibers in the HWSS regions. The
results of collagen fiber anisotropy revealed a convincing
difference between HWSS and LWSS regions in each type of
BAV patients. On the other hand, the situation of elastin fibers
is more complicated. There is an overall increase of anisotropy
in BAV-NA and BAV-AD patients, though they did not show a
statistically significant difference compared to fibers in normal
TAV patients. However, elastin fibers in HWSS regions
demonstrate significantly higher alignment anisotropy than
those in LWSS regions in most types of BAV.
The ideal surgical indication criterion for BAV aortopathy is

to both minimize the risk of disastrous events and maximize
the benefits of pre-emptive treatment and, in doing so,
optimize clinical outcomes. Current international clinical
guidelines5,6 recommend aortic root diameter as the threshold
approach for the timing of intervention, which in certain
extent, could reflect the hemodynamic abnormality as well as
pathological progression38,39 but maybe too simplistic for risk-
stratification and elective surgical decision-making.40

Traditionally, people have considered aortic dissection to be
the result of severe dilatation that imposes mechanical rupture.
However, it is a disease incorporating various pathological
changes in the medial layer of aorta, typically considered as
fragmentation loss of elastic fibers, decreased smooth muscle
cells, and increased proteoglycan deposition.2,41 In spite of the
genesis inclination of aortic dilatation and dissection, a
significantly high proportion of BAV patients does not progress
at all, irrespective of BAV type.42 Therefore, this is of great
theoretical and practical importance to introduce a reliable
diagnostic tool, in parallel with the pathobiological phenom-
enon, to distinguish the “benign” from the “malignant”
phenotypes of BAV disease.
In this study, we brought in a multimodal nonlinear optical

microscopy, which specialized on intrinsic, label-free image and
gained acceptance within many medical imaging fields, such as
intraoperative diagnosis. Each one of the three inside
modalities has its specific advantages. SRS microscopy can
map the proper distribution of cell bodies as well as
surrounding extracellular structures,20,43 whereas SHG and

TPEF microscopy can detect the signals and autofluorescence
from collagen and elastin.29 Although the imaging depth was
generally limited to ∼200 μm for SRS, further improvement
could be achieved by advanced tissue clearing methods to
provide volumetric histology.44

Consistent with previous reports,45,46 we also found highly
oriented collagen and elastin fibers in BAV-NA patients versus
randomly distributed in normal TAV patients. Additionally,
our results supported compensatory hyperplasia of collagen
fibers in aortic media of BAV-NA patients, which is likely
attributable to underlying intrinsic dysfunction. However,
contrary to their results of BAV-AD patients as well as the
tradition pathological understanding of this disease, our images
and quantitative data revealed a remarkable decrease in the
relative amount of collagen fibers, which form a structural
network critical for limiting aortic distension.47 The highly
aligned helix-like and twisted morphology of collagen fibers
could be hypothesized as a symbol of essential deformation
(Figure 4), and it can be further verified by the outcome of
different regional images of BAV-AD. This distinctive
morphology of collagen fibers only exhibited in HWSS regions
other than LWSS regions; meanwhile, collagen fibers
orientation showed the same extent of alignment differences
between regions in each BAV type. Moreover, combined with
the trend of higher alignments of elastin fibers in HWSS, which
could be interpreted as an accommodation of aorta dilatation,
the overall discovery of collagen fibers provides a novel insight
into the progression of BAV aortopathy. Our findings from
obtained rapid histology of ascending aorta will be beneficial,
from the translational perspective, for researchers to under-
stand the pathophysiology of BAV aortopathy and assist
surgeons with potential means of aortic risk evaluation.
However, some limitations are worth noting. Although our

findings are promising, they should be validated in a more
extensive and more diverse population, such as multicenter
clinical trials. In addition, miniaturized devices with a fiber
laser and hand-held probe are demanded for flexible
applications in the clinic. Further work will focus on
establishing a mathematical model to quantify the differences
found in images and to create statistical results regarding the
efficacy of NLO imaging data to predict the BAV patients’
prognosis.

■ CONCLUSIONS
In summary, we have demonstrated the potential of multi-
modal NLO microscopy to image and detect architectural
changes in ascending aorta of BAV patients, facilitating a rapid
means of acquiring label-free tomographic histology on fresh
tissues. Our data provide strong justification for the clinical
implementation of histopathological diagnosis that stratifies
the risk of aortic dissection and determines surgical treatment.
We believe our method and finding provide the opportunity
for improving the accuracy of intraoperative decision as well as
a novel perspective for BAV and its underlying mechanism.
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