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Facilitated with stochastic parallel gradient descent (SPGD) algorithm for wavefront sensorless correcting aber-
rations, an adaptive optics (AO) confocal fluorescence microscopy is developed and used to record fluorescent
signals in vivo. Vessels of mice auricle at 80, 100 and 120 μm depth are obtained, and image contrast and fluo-
rescence intensity are significantly improved with AO correction. The typical 10%–90% rise-time of the metric
value measured is 5.0 s for a measured close-loop bandwidth of 0.2 Hz. Therefore, the AO confocal microscopy
implemented with SPGD algorithm for robust AO corrections will be a powerful tool for study of vascular
dynamics in future.
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In vivo visualizing subcutaneous vessels has an important
role in biological research and medicine diagnosis, and the
auricle vessel is a significant imaging window[1]. However,
it is still challenging for confocal microscopy, widely used
in biological research, to obtain high-depth penetration
and diffraction-limited resolution images, mostly due to
aberrations varying at different depths[2].
The aberrations could be compensated by the adaptive

optics (AO) technique, which is a kind of active wavefront
control technology and has been widely used in astronomy
and vision science[3]. The typical AO system employs a
wavefront sensor, such as Hartmann sensor, to measure
aberrations in the imaging system and correct aberrations
in a feedback loop using a wavefront corrector, such as de-
formable mirror (DM)[4]. When imaging vessels in deep tis-
sue using a traditional AO system, it is relatively invalid in
that the wavefront sensor would receive a multitude of
wavefronts emitting from different parts of tissue to
destroy the aberration correction[5,6]. An artificial guide
star resulting from fluorescent beads or fluorescent protein
to measure aberrations has been conducted researches in
single-photon or multi-photon scanning microscopy[7,8],
and has been demonstrated for in vivo imaging of dro-
sophila embryos by Tao[9]. However, it is not always fea-
sible to find appropriate fluorescent protein in different
samples at different depths.
An attraction of wavefront sensorless AO with particu-

lar optimization algorithm was firstly proposed by
Booth[10]. Wavefront sensorless AO systems measure an
image quality metric with a group of setting trial aberra-
tions, then operate by sequentially modulating the AO

corrector and maximizing a feedback signal according
to optimization algorithms[11]. Wavefront optimization
algorithms have been studied in microscopy including
modal method, random search algorithm, aperture seg-
ment method, genetic algorithm, hill-climbing algorithm
and so on[12,13]. The main disadvantage of these optimiza-
tion algorithms is a slow correction speed[14], limiting their
applications in biological tissue in vivo imaging.

In this Letter, we propose stochastic parallel gradient
descent (SPGD) algorithm for the aberration correction
in an AO confocal microscopy. The SPGD algorithm
was first proposed by Vorontsov[15] and has been widely
used in laser beam shaping and astronomy[16]. Research
has verified that SPGD was the fastest and most efficient
search method for AO wavefront sensorless sytems[17].
Zernike polynomials, which are the most commonly used
modes in microscopy and have certain well-known advan-
tages compared to other modal representations[18], were
chosen to be control basis of SPGD algorithm, and the
aberration in pupil could be expanded as:

Φðu; vÞ ¼
X

aiZ iðu; vÞ; (1)

where Ziðu; vÞ is the ith Zernike polynomial with coeffi-
cient ai . The first 22 Zernike polynomials except the first
4 polynomials are used for aberration correction in this
Letter. Piston, tip, tilt, and defocus components are
removed from the basis modes because they do not affect
image quality but only cause offset of focus position in
three directions.
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Image sharpness was chosen as a metric of image
quality[15]. It could be described as:

M ¼
���������������������������������������������������
1
mn

X
pixels

ðI ðx; yÞ− hI iÞ2;
s

ð2Þ

where hI i is an averaged gray-level of an image withm � n
pixels and I ðx; yÞ is the gray of one pixel.
The SPGD algorithm could be expressed as:

anþ1
i ¼ ani þ kδni ðMnþ −Mn−Þ; (3)

where δni is a randomized perturbation applied for the ith
control channel for the AO corrector, which is a Bernoulli
distribution vector, namely the same amplitude in a
randomly signed direction; Mnþ is the metric when ran-
domized perturbations ðδn1 ; δn2…δni ; δniþ1…Þ is applied for
all control channels; Mn− is the metric when the control
channels are perturbed in the opposite direction. k is the
descent rate, which is namely gain coefficient, positive for
finding a maximum of the image metric M . Therefore, the
SPGD algorithm is an iterative scheme which makes use of
Zernike coefficient ai in Eq. (3) to very quickly find the
minimizer of the aberration in pupil Φðu; vÞ in Eq. (2).
Figure 1 shows the schematic diagram of the AO con-

focal fluorescence microscopy and a detailed description of
the system configuration can be found in Ref. [19]. In
brief, a laser diode (LD) with a central wavelength of
638 nm is collimated and passes through various optical
components which are arranged off-plane, and then enters
the objective lens (Olympus UA, water immersion, 20×,
NA ¼ 0.5, 3.5 mm working distance, Japan) which focuses
it to a small spot on the specimen. Unlike the lens-based
AO confocal microscope[19], spherical mirrors are used
in pairs in this AO confocal fluorescence microscope, cre-
ating an afocal telescope to preserve conjugate planes,
and to prevent back reflection (which is harmful in a

double-pass system) and chromatic aberrations. A DM
with 61-element placed at the pupil plane is used to com-
pensate for aberrations. The two scanning mirrors (HS:
16 kHz resonant scanner, VS: 30 Hz galvometor scanner)
provide two dimensions raster scanning of the focused spot
of the specimen in the X and Y directions (the objective
lens axis being the Z direction). Light emitted from the
specimen fluorescence passes through the same optical
path as the incoming beam then is collected and focused
on a pinhole (30 μm size) which is conjugate to the
focused spot. A photomultiplier tube (PMT, H7422-20,
Hamamatsu, Japan) is placed after the pinhole to record
the intensity of the scattered light for each position
of the spot. By synchronizing the signal from PMT and
two scanning mirrors, the images can be consecutively
recorded with a frame rate of 30 Hz.

Before in vivo imaging of vessels, BALB/c-nu mice were
deeply anesthetized with pentobarbital (Sagital, 80 mg/kg
i.p.), and the fluorescent lipophilic tracers DiD (Molecular
Probes) were injected into the tail vein[20]. The auricle ves-
sel was then imaged using the custom-built AO confocal
fluorescence microscopy while the mice was under anes-
thesia on a warmed microscope stage. High-resolution
images were obtained at depths of hundreds of microns
and axial intervals of 20 μm using the water immersion
objective lens.

Fluorescence images of vessels without and with AO
correction are shown in Fig. 2, which correspond to the
depth at 80, 100, and 120 μm below the surface of the
auricle, respectively. The images after AO correction are
much brighter than the ones before correction, and one
observes that there is a great enhancement of fluorescence
signals in all depths of vessels. Here structure details of
vessels are more abundant, since the AO correction could

Fig. 1. Scheme of AO confocal fluorescence microscopy system.
BS: beam splitter. PF: bandpass filter. HS: horizontal scanner.
VS: vertical scanner. PH: pinhole. CL: collecting lens.

Fig. 2. Fluorescence images without and with AO correction at
different depth, and fluorescence signal profiles corresponding to
each depth: (A) 80, (B) 100, and (C) 120 μm. The image size is
314 � 314 microns with a scale bar of 10 μm.
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improve the transverse resolution of the microscope and
enhance image contrast.
To manifest the enhancement of resolution and contrast

with AO correction, the fluorescence signal profiles of the
red dashed line of Figs. 2(A)–2(C) are plotted on the right
side. The peak intensity increases by 4.6×, and 4.2× for
the depth of 80 and 120 μm in Figs. 2(A) and 2(C), respec-
tively. At the depth of 100 μm in Fig. 2(B), the intensity
enhancement is hard to distinguish. One possible reason
for the variability of the improvement is that the aberra-
tion is not spatially invariant over the field, and the best
focused depth is on the 100 μm below the surface of the
auricle. However, finer details of vessels in the right part
of Fig. 2(B) is shown more clearly after AO correction, and
the image is a little brighter then.
The metric values of images during AO correction proc-

ess are plotted in Fig. 3. Note that we focus on the vessel
with a central depth of 100 μm of the mice auricle, and it is
a common observation that imaging resolution and con-
trast degrade with the increase of defocus depth. With
a best focus depth of 100 μm in Fig. 2(B), the metric value
of images increase to a certain stability after less than 100
iteration times, and a measured close-loop bandwidth of
0.5 Hz is achieved. For depths of 80 and 120 μm, the metric
value increase 25% and 60% after almost 250 iteration
times, respectively. Therefore, a typical close-loop band-
width of 0.2 Hz is obtained with a 10%–90% rise-time
of the metric value in Fig. 3. This bandwidth, although
not high, is sufficient to compensate for the majority of
refractive index mismatching aberrations and tissue
aberrations.
In conclusion, we develop an AO confocal fluorescence

microscope which can perform vessel imaging in real-time.
Benefit from the AO correction with SPGD algorithm, the

custom-built AO confocal fluorescence microscope is
ideally suited for in vivo and long-term vessel imaging,
since the sensorless AO confocal microscope has a simpler
system architecture and can correct aberrations resulting
from biological tissues in different depths non-invasively,
which is very important in the field of microscope. With a
robust convergence of AO correction using SPGD algo-
rithm, improved resolution and contrast are achieved
for in vivo fluorescence imaging of mice vessels at a depth
of 80, 100, 120 μm below the surface of the auricle, and
capillary morphology is more clearly, and finer vessel
structures can be observed clearly.

To conclude, the application of SPGD algorithm in an
AO confocal fluorescence microscopy is proposed. We
demonstrate the validity and accuracy of SPGD algorithm
for fluorescence imaging of mice auricle vessels in vivo.
Using image sharpness as the optimization metric in
Zernike polynomial modes, a typical 10%–90% rise-time
of the metric value measured is 5.0 s (150 close-loop frame
times) for a measured close-loop bandwidth of 0.2 Hz.
Actually, a best focused depth of 100 μm achieves a
close-loop bandwidth of nearly 0.5 Hz (60 close-loop frame
times). Therefore, AO with SPGD correction can greatly
expand the application of confocal microscope, and will
play an important role for study of many physiological
imaging techniques in vivo.
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