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Localized wavefront aberrations would introduce artifacts in biomedical imaging, which, however, are often neglected, as
their compensations are at the cost of the field-of-view. Here, we show rarely reported local artifacts in two-photon imaging
of dendrites beneath blood vessels in a mouse brain in vivo and interpret the phenomena via numerical simulations. The
artifacts of divided parallel structures are found to be induced by coma and astigmatism, resulting from sample tilting and
the cylinder shape of vasculatures, respectively. Different from that in single-photon microscopy, such artifacts in nonlinear
microscopy show unique characteristics and should be recognized for proper interpretation of the images.
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1. Introduction

Benefiting from minimal invasion, high resolution, high sensi-
tivity, etc., optical imaging of biodynamics provides a large num-
ber of physiological and pathological information[1–4]. As a
specific example, it plays a vital role in neuroscience for both
structural imaging and functional imaging[5,6]. In the study of
neural plasticity, by the time-lapse imaging of dendrites and
spines, one can infer the re-wiring of neural circuits based on
their morphology changes[7–9]. High resolution has always been
a goal in optical imaging[10]. However, optical imaging in bio-
logical tissue is susceptible to wavefront aberration, which would
distort the diffraction limited point-spreading function (PSF)
and deteriorate the imaging resolution and contrast[11]. Even
worse, the wavefront aberration may induce image artifacts,
which, if not recognized, would lead to improper conclusions.
In general, a wavefront aberration is classified as system aber-

ration and sample aberration[12]. The former one is related to
non-ideal designing and processing of optical devices, the align-
ment error during system adjustment, and the misalignment
between imaging samples and optical systems. The latter one
is induced by the random refraction and scattering in tissues,
as a result of the heterogeneity and non-uniformity of biological
samples.
For the conventional wide-field fluorescence microscopy

(WFM) based on single-photon excitation, a wavefront aberra-
tion suffered by the emission fluorescence is the main concern,
which would deteriorate the optical resolution and introduce

cross talk[13]. For deep-tissue imaging, two-photon microscopy
(TPM) was proposed[14] and has been widely adopted in in vivo
imaging[15]. In TPM, longer excitation wavelengths are adopted
to resist tissue scattering, and the localization of signal excitation
ensures that all emission photons, including ballistic and scat-
tered photons, contribute to the signals. Compared to that in
WFM, the wavefront aberration suffered by the excitation light
in TPM becomes the main concern.
To compensate wavefront aberrations, several wavefront

engineering techniques[16–18], including adaptive optics[19,20],
have been developed and successfully applied in bioimaging.
However, the effective area with wavefront compensation gets
narrower as high-order wavefront aberrations show up[21].
Even though advanced techniques, such as multi-pupil adaptive
optics[22], have been proposed to enlarge the effective field-of-
view (FoV) by independently compensating the wavefront aber-
rations of sub-FoVs, they still fail in high-speed, large FoV
imaging of tissues with localized and isolated aberrations (such
as those arisen from blood vessels). In such scenarios, the adop-
tion of adaptive optics becomes less valuable, and one would
rather choose a conventional imaging system, where, however,
possible artifacts should be noticed.
Here, we demonstrate an observation of local artifacts in two-

photon imaging of dendrites beneath blood vessels in a mouse
brain in vivo, which are shown as divided parallel structures at
certain imaging depths. To interpret the experimental results, we
perform 3D numerical simulations of TPM and find that the
local artifacts are induced by the hybrid effect of coma and
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astigmatism. We also compare the effect of these wavefront
aberrations in conventional WFM and TPM and show that
the artifacts in nonlinear microscopy are unique.

2. Materials and Methods

The experimental setup is similar to conventional TPMs[23]. The
femtosecond laser is tuned to 920 nm, and a water immersion
objective lens (NA = 0.8, n = 1.33) is employed, which ensures
that the theoretically lateral and axial resolutions are 0.43 μm
and 2.15 μm, respectively. We use Thy1 yellow fluorescent pro-
tein (YFP) (H line) transgenicmice (Jax StockNo: 003782) for in
vivo chronic imaging after a craniotomy, in which neurons are
labeled with YFP sparsely.
In numerical simulations, we adopt the vector diffraction

theory to calculate the PSF[24,25], considering a high NA
objective is used. Moreover, we choose an ideal plane wave with
x-linear polarization and adopt Zernikemodes to describe wave-
front aberrations[26,27]. Since the interested FoV is very small,
wavefront aberration can be considered to be approximately
unchanged. Therefore, PSF distortion caused by wavefront aber-
ration can be considered to be spatially invariant, which helps to
reasonably simplify the simulation model, i.e., images at differ-
ent positions can be regarded as 3D convolution of the same dis-
torted PSF as the sample.
To verify the influence of wavefront aberration on imaging

quality, we generate a 3D dendrite model. First, we define the
central axial depth zf of the dendrite and a few of feature points
on the correspondingXY section to give a preliminary idea of the
shape of the dendrites, as the red stars shown in Fig. 1(a). Then,
the central axes (xs, ys) of the 3D dendrite are generated by cubic
spline interpolation of these feature points, as shown in Fig. 1(a).

Then, each YZ section of the 3D dendrite is calculated. The
radius of the dendrite is defined as R. Since there is an incline
angle between dendrites and y axis, the radius r of the cross sec-
tion in the y direction needs to be modified according to the
angle, as shown in Fig. 1(b).
The modified radius r satisfies

r = R=cos�arctan�Δys=Δxs��: (1)

We traverse the entire dendrite by changing xs along the blue
arrow in Fig. 1(a). The projection of a 3D dendrite with a radius
R on the YZ cross section is an ellipse centered at (ys, zf ) with a
major axis of r and aminor axis of R, so, at each YZ cross section,
the point that meets

��y − ys�=r�2 � ��z − zf �=R�2 ≤ 1 (2)

will be deemed as a part of the dendrite.

3. Results

3.1. Experimental observation of local artifacts in two-
photon imaging of mouse cortex in vivo

In practical imaging, wavefront aberrations caused by both opti-
cal systems and biological samples would deteriorate the image
quality or, even worse, induce artifacts. We show a two-photon
imaging stack of YFP labeled neurons recorded in the mouse
cortex in vivo [Fig. 2(a)]. It can be seen that there is a large blood
vessel at the superficial cortex in the FoV, which can be inferred
from the dark region of themaximum intensity projection in the
XY plane [Fig. 2(b), upper], as the absorption coefficients of
oxyhemoglobin and deoxyhemoglobin are higher than that of
water in the visible and near infrared regions[28]. Beneath the
large blood vessel, there are some dendrites shown as single lines
at certain imaging depths, but shown as closely spaced double
lines at neighboring depths [Figs. 2(d)–2(f)], which are at the
depth of ∼30 μm. We show the intensities along solid lines in
Fig. 2(g), which indicates that the peak intensity of each dendrite
is divided into two with the shifting of the imaging depth.
Meanwhile, the dendrite position has a lateral shift with the
increase of imaging depth, which could be indicated from the
maximum intensity pixel position in Fig. 2(g). We also notice
that the artifacts only show up for the dendrites oriented along
the big blood vessel. However, for the dendrites whose orienta-
tions are perpendicular to the big blood vessel above, no such
artifact is observed. We show the intensity along dotted lines
in Figs. 2(d)–2(f) to verify this observation [Fig. 2(h)]. It should
also be noted that no such artifacts are observed for regions
beyond the shadow of the large blood vessel, which suggests that
the contribution of the blood vessel on the local artifacts cannot
be neglected.
Moreover, we check the sample alignment for potential fac-

tors of the artifacts and find that the surface of the mouse cortex
is tilted relative to the focal plane, with a tilt angle of θ = 2.4°,
which could also induce wavefront aberrations [Fig. 2(b), lower].

Fig. 1. Dendrite 3D simulation model. (a) Central axis of dendrites. The coor-
dinate (xs, ys) of a feature point is shown. (b) Modification of dendritic radius.
Here, θ is the incline angle between the orthogonal direction of the dendrites
(i.e., the direction of the dendritic radius) and the y axis. (c) Typical YZ cross
sections at different xs. (d) Generated 3D dendrite model where zf = 0.
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3.2. Numerical simulations to interpret the experimental
artifacts

To explain the phenomena observed above, we perform numeri-
cal simulations of two-photon imaging with wavefront aberra-
tions. As shown above, the cylindrical shape of the blood
vasculature and sample tilting are two possible sources of wave-
front aberration, with the former one inducing astigma-
tism[29,30] and latter one inducing coma[31].
In Fig. 3, we simulate the effect of these two aberrations on 3D

PSF and two-photon images of the dendrite model, separately.
In the dendrite model, there are three dendrites, in which two are
at zf = 0, and the third is at zf = 5 μm [Fig. 3(a)].
We show the 3D PSF under the effect of the fundamental-

order astigmatism, which has two foci that are symmetric about
the z axis and orthogonal in the XY plane [Fig. 3(b)]. In numeri-
cal simulation results of the dendrite model in TPM imaging, the
astigmatic PSF causes double-dendritic artifacts along the axial

direction, while it has different effects on dendrites in orthogo-
nal directions in lateral planes [Fig. 3(d)]. Because each focus
contains two main energy lobes, when one lobe of the focus
and a dendrite are parallel, the image intensity is higher. The
astigmatic PSF results in a double-dendritic phenomenon in
the lateral direction at the z0 plane, but the intensity at the
z0–3 μm plane is very weak, which cannot interpret the experi-
ment results well [Fig. 3(l)]. In addition, we show the 3D PSF
under the effect of the fundamental-order coma [Fig. 3(c)],
which has transverse tailing and lateral shifts compared with
the transform limited PSF. In the TPM imaging simulation of
the dendrites model, the axial resolution of dendritic images
becomes worse because of coma [Fig. 3(e)]. Coma also causes
the maximum intensity position to shift laterally at different
depths [Fig. 3(m)], which is one of the phenomena observed
in the experiment. But, coma alone does not introduce double
dendrites artifacts.

Fig. 2. Experimental results of two-photon imaging in the Thy1-YFP mouse cortex in vivo. (a) Imaging stack of the Thy1-YFP mouse cortex. Volume size: 520 μm ×
520 μm × 420 μm. (b) Upper: the maximum intensity projection in the XY plane. The white dotted curve shows the boundary of the large blood vessel. Lower: the
maximum intensity projection in the YZ plane. The auxiliary line shows the angle between the sample surface and the imaging surface. Scale bar: 100 μm. (c) A
superficial plane in the imaging stack. The white dotted curve shows the boundary of the large blood vessel. Scale bar: 100 μm. (d)–(f) Typical cross sections
beneath the large blood vessel of the imaging stack at different depths. Here, the z0 plane is defined at a depth in the stack where the close double dendrites
appear the most obviously. (d)–(f) show the same area in the box in (c). Scale bar: 20 μm. (g) Intensities along solid lines in (d)–(f). (h) Intensities along dotted lines
in (d)–(f).
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We further simulate the 3D PSF and two-photon images of
the dendrite model under the hybrid wavefront aberrations of
astigmatism and coma, as shown in Fig. 4. We show the 3D
PSF with the combination of these two Zernike modes, in which
the distorted PSF contains twomain lobes at different axial posi-
tions [Fig. 4(a)]. The same dendrite model is used as above.
Three typical cross sections are shown in Figs. 4(b)–4(d). It
can be seen that, with the distorted 3D PSF of two main lobes,
the experimental phenomena can be reproduced well. The
images at different depths vary as the axial distribution of 3D
PSF is asymmetric. The artifact at the z0 − 3 μm plane is barely
seen, while at the z0 plane it becomes obvious [Fig. 4(i)]. The
shift of dendrite positions at different depths is attributed to
the axial tilt of the 3D PSF. In addition, the relative orientations
of PSF and samples also matter, as the final image is the 3D con-
volution between the PSF and samples. As the two main lobes of
the 3D PSF [Fig. 4(a)] separate on the x axis but coincide on the y
axis, when the sample is along the x axis, the artifact disappears
[Fig. 4(j)]. It suggests that the simulation results agree well with
all experimental observations.

Besides, we notice that such phenomena have rarely been
reported in WFM. To show the difference of image artifacts
induced by wavefront aberrations in TPM and conventional
WFM, we simulate the PSF and dendrite images under the same
aberration conditions as above. We set the emission wavelength
of WFM at 520 nm and show the distorted emission PSF
[Fig. 4(e)]. We also show three images at different cross sections
[Figs. 4(f)–4(h)]. Due to the lack of optical sectioning capability
in WFM, the fluorescence signals at other depths near the im-
aging plane will cause background signals to the imaging plane.
Therefore, different from that in TPM, the image of a dendrite at
zf = 5 μm appears at the imaging focal plane of zf = 0.
Moreover, for the same aberration, there is a larger Zernike aber-
ration coefficient because the emission wavelength is considered
in WFM, which is shorter compared to the infrared excitation
wavelength in TPM. Thus, the distortion of 3D PSF is more seri-
ous inWFM than in TPM. As shown in Figs. 4(f)–4(h), the den-
dritic image is broader due to the background signals, the PSF is
distorted more severely in WFM, and no closely spaced double-
dendritic artifacts are observed.

Fig. 3. Numerical simulation of distorted 3D PSFs and the TPM images of the dendrite model under the astigmatism and coma, separately. (a) 3D distribution of
the dendrite model with a diameter of 0.2 μm. Inset: the maximum intensity projections in the XY plane. Volume size: 50 μm× 50 μm× 20 μm. (b) Distorted 3D PSF
under the effect of the fundamental-order astigmatism Z2

2, with Zernike coefficient W2
2 = 0.3 μm. (c) Distorted 3D PSF under the effect of the fundamental-order

coma Z3
1, with Zernike coefficient W3

1 = 0.1 μm. In (b) and (c), both the 3D normalized intensity distribution (red–white) and the maximum intensity projection on
each dimension (gray–white) are shown. Volume size: 10 μm× 10 μm× 20 μm. The wavefront aberration is shown at the upper right. (d), (e) TPM imaging stacks of
the dendrite model with distorted 3D PSF in (b) and (c), separately. Volume size: 50 μm× 50 μm× 20 μm. (f)–(h) Typical cross sections in (d). The z0 plane is defined
at the depth where the close double dendrites appear the most obviously. Scale bar: 10 μm. (i)–(k) Typical cross sections in (e). The z0 plane is defined at the depth
where the dendrites at zf = 0 have the maximum intensity in the imaging stack. (l) The normalized intensities along solid lines in (f)–(h). (m) The normalized
intensities along solid lines in (i)–(k). In (l) and (m), intensity normalization is performed with a reference of the maximum value of the three lines. (g), (h) and (i)–(k)
have the same color bar, respectively.

Vol. 19, No. 12 | December 2021 Chinese Optics Letters

121701-4



4. Discussion

In this paper, we report the local artifacts of divided parallel
structures at certain depths in two-photon imaging of dendrites
beneath blood vessels. Through numerical simulations, we find
that the artifacts are mainly induced by astigmatism and coma,
resulting from the cylindrical shape of the blood vasculature and
sample tilting, respectively. Besides, we numerically verify that
the artifacts in TPM and WFM are different.
It should also be noted that the artifacts reported here are so

localized that the adoption of adaptive optics becomes less
valuable. This is because the compensation wavefront is only
constructive in a limited area, but destructive elsewhere.
However, such artifacts should be recognized in properly inter-
preting the imaging results.
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