
Adaptive optical quantitative phase 
imaging based on annular illumination Fourier 
ptychographic microscopy
Yefeng Shu1,2,3†, Jiasong Sun1,2,3†, Jiaming Lyu4, Yao Fan1,2,3, Ning Zhou1,2,3, Ran Ye1,5, Guoan Zheng6*, 
Qian Chen1,2,3* and Chao Zuo1,2,3*    

Introduction
Quantitative phase imaging (QPI) is a powerful optical tool for visualizing and quantify-
ing optical thickness variation of unlabeled transparent biological samples without the 
need for specific exogenous contrast agents [1–3]. Various QPI techniques have been 
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Quantitative phase imaging (QPI) has emerged as a valuable tool for biomedical 
research thanks to its unique capabilities for quantifying optical thickness variation of 
living cells and tissues. Among many QPI methods, Fourier ptychographic microscopy 
(FPM) allows long-term label-free observation and quantitative analysis of large cell 
populations without compromising spatial and temporal resolution. However, high 
spatio-temporal resolution imaging over a long-time scale (from hours to days) remains 
a critical challenge: optically inhomogeneous structure of biological specimens as well 
as mechanical perturbations and thermal fluctuations of the microscope body all result 
in time-varying aberration and focus drifts, significantly degrading the imaging perfor-
mance for long-term study. Moreover, the aberrations are sample- and environment-
dependent, and cannot be compensated by a fixed optical design, thus necessitating 
rapid dynamic correction in the imaging process. Here, we report an adaptive optical 
QPI method based on annular illumination FPM. In this method, the annular matched 
illumination configuration (i.e., the illumination numerical aperture (NA) strictly equals 
to the objective NA), which is the key for recovering low-frequency phase informa-
tion, is further utilized for the accurate imaging aberration characterization. By using 
only 6 low-resolution images captured with 6 different illumination angles match-
ing the NA of a 10x, 0.4 NA objective, we recover high-resolution quantitative phase 
images (synthetic NA of 0.8) and characterize the aberrations in real time, restoring the 
optimum resolution of the system adaptively. Applying our method to live-cell imag-
ing, we achieve diffraction-limited performance (full-pitch resolution of 655 nm at a 
wavelength of 525 nm ) across a wide field of view ( 1.77mm

2 ) over an extended period 
of time.
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developed in the past decades and achieved great success in biomedical applications. 
These techniques include digital holography (DH) [4–6], phase shifting interferome-
try [7, 8], lateral shearing interferometry [9, 10], transport-of-intensity equation (TIE) 
[11–13], differential phase contrast (DPC) [14–16], Fourier ptychographic microscopy 
(FPM) [17–20], among others. Many of these techniques are performed using a modified 
microscope system. The imaging throughput follows the law of Lagrange invariant [21, 
22], leading to the unavoidable trade-off between imaging resolution and field-of-view 
(FOV). Among them, FPM is a promising solution to achieve high-throughput QPI by 
synthesizing a wide-field, high-resolution complex image from multiple low-resolution 
images captured under angle-varied illumination. It has been demonstrated for long-
term label-free observation and quantitative analysis of large cell populations without 
compromising the spatial and temporal resolution [19, 23–26]. Free from the adverse 
effects of staining reagents on cell viability and signaling, high-throughput QPI can find 
important applications in drug discovery, personalized genomics, cancer diagnosis, and 
drug development [27–30].

Nevertheless, high spatio-temporal resolution imaging over long-time scales (hours to 
days) and across a wide FOV remains a critical challenge [31–33], due to the spatially 
non-uniformity and temporally varying system aberrations. The contributing factors of 
this challenge include the optically inhomogeneous structure of biological specimens, 
mechanical instability of the microscope, and thermal fluctuations of the environment 
[34]. Their combined impact can significantly degrade the achieved resolution and qual-
ity of the imaging platform. Moreover, the aberrations are sample- and environment-
dependent, and thus they cannot be compensated using a fixed optical design [35]. 
Therefore, an adaptive method for the dynamic correction of wavefront distortions over 
a large FOV is highly desired in QPI systems.

Adaptive optics (AO) was originally developed for astronomical telescopes [36, 37]. 
This technology can detect the aberrations introduced by the atmosphere and correct 
them using a deformable mirror. Nowadays, the AO-based technology has found exten-
sive applications in optical imaging [38, 39], particularly in confocal and multiphoton 
microscopy, as it facilitates three-dimensional volumetric imaging of thick biospecimens 
[40, 41]. One major drawback of the AO technology is the need for additional hard-
ware, such as Shack-Hartman wavefront sensor, spatial light modulator, and deform-
able mirror. In contrast, with the help of inherent data redundancy, FPM enables direct 
aberration recovery and correction post measurement. As a result, it can reconstruct 
a high-quality image without resorting to AO hardware [42–44], offering a solution as 
“computational” AO [45, 46]. However, the data redundancy requirement (generally 
dozens of images) in conventional FPM significantly limits its imaging speed, result-
ing in low temporal throughput. Moreover, the adaptive wavefront correction in FPM 
is generally designed for imaging absorptive samples. Their applicability to the QPI of 
transparent phase objects remains to be explored.

In this article, we report a computational AO method to tackle the temporally- and 
spatially-varying aberrations in live-cell imaging. Our technique, termed AO-QPI, 
acquires the intensity images under the annular NA-matched illumination configuration. 
Then, the imaging aberration and cell phase are simultaneously recovered with a ptycho-
graphic reconstruction algorithm. It should be noted that only six intensity images are 
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required for the reconstruction, performing the high frame rate of imaging. To demon-
strate the validity and practicability of AO-QPI, we performed long-term live-cell imag-
ing using our prototype setup, achieving diffraction-limited performance across a FOV 
of 1.77mm2 , a time of 51 hours and a frame rate of 16.66Hz (it can reach the camera 
speed of 100Hz as the sliding window scheme is adopted). To the best of our knowledge, 
it is the first time to perform dynamic aberration correction on QPI to secure high-qual-
ity imaging performance over time, especially at such a high spatiotemporal bandwidth.

Materials and methods
Optical setup and principle

The reported AO-QPI system was built using a standard bright-field microscope 
[IX73, Olympus, Japan, see Fig.  1(a)] with a programmable LED array as the illumi-
nation source. During the image acquisition process, the LED elements were sequen-
tially turned on to illuminate the specimen from different angles and the corresponding 
low-resolution images are acquired using a 10× , 0.4 NA objective lens (UPLSAPO10× , 
Olympus). The specimen phase as well as the wavefront aberrations were coupled in the 
captured intensity images, which need to be recovered through a nonlinear optimization 
algorithm. Figure  1(b) shows the workflow of the reconstruction process, which takes 
the cell specimen as an example for demonstration. The initial guess of the specimen is 

Fig. 1  (a) The AO-QPI prototype platform where we adopt a programmable LED array to replace the 
conventional Köhler illuminator as the light source. (b) The workflow of the reconstruction process of AO-QPI. 
(c) Schematic diagram of the illumination system. The LED array is adjusted to an appropriate height so that 6 
LED elements in the array provide the NA-matched illuminations. (d) The comparison of phase reconstruction 
with/without AO-QPI. The intensity cost function gradually reduces after enabling AO-QPI and finally 
converges after ∼ 100 iterations
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obtained by a coherent version of DPC deconvolution [15]. The captured images are then 
successively adopted to impose the intensity constraints for jointly updating the speci-
men and the pupil function. Here, the pupil function is characterized by the Zernike 
polynomials for an efficient and accurate recovery. When the convergence condition is 
met, the specimen phase and the aberration are recovered from the raw images. As is 
shown in Fig. 1(d), through the reconstruction process mentioned above, the intracel-
lular details are resolved with high resolution after ∼ 50 iterations.

It seemed that the reconstruction process follows a similar framework to FPM. How-
ever, compared with traditional FPM methods which usually require dozens of frames 
as raw data, the AO-QPI has two significant improvements for enhancing the imaging 
efficiency, including the optimization of illumination strategy and aberration correction 
algorithm. By integrating the two innovations, AO-QPI is able to realize dynamic phase 
imaging and aberration correction with one order of magnitude fewer measurements.

Illumination mode optimization

In the traditional FPM imaging process, a dense sampling strategy in the Fourier domain 
is adopted to meet the requirement of the spectrum overlapping rate [47]. Here, to 
reduce the data acquisition time and improve the imaging speed, we adopted an annu-
lar NA-matched illumination scheme (i.e., the illumination NA strictly equals to the 
objective NA [23]). Such an illumination condition has been verified to be significant 
for phase retrieval in asymmetric-illumination-based QPI methods [16, 48, 49]. For the 
imaging system with non-negligible aberrations, considering that the object spectrum 
and imaging aberrations are coupled as two inseparable components in the captured 
images, the matched illumination condition is hence equally crucial for imaging aber-
ration recovery, which has been validated in Supplementary Note 3. Moreover, based on 
the annular matched illumination, we further explored the minimum data redundancy 
required for aberration recovery (see Supplementary Note 4). It is found that only six 
images could satisfy a successful ptychographic reconstruction and more raw images do 
not significantly improve the imaging quality. Therefore, we carefully adjusted the height 
of the LED array to make the six selected LED elements (see Fig. 1(c)) accurately satisfy 
the matched illumination condition. In the imaging process, we cyclically turn on the six 
LED elements to acquire the raw dataset for dynamic phase imaging. Benefiting from 
the successful reconstruction with such a small number of raw images, the adaptive cor-
rection is sustained over the high-speed imaging process to defy the temporal-varying 
aberrations in real time. Moreover, we also apply a sliding window along the whole cap-
tured image sequence, and thus the effective phase imaging frame rate is further raised 
to the shutter speed of the camera.

Aberration recovery algorithm

The common reconstruction algorithms of FPM [42, 50, 51] are derived from several 
versions of the ptychographic iterative engine (PIE) [52–54], which reconstruct the 
complex amplitude of specimens by alternating iterations in the spatial and frequency 
domains. The updating process for the specimen spectrum is given as follows,
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where, O is the spectrum of the specimen, P is the pupil function of the optical system, 
�u and �e are the Fourier spectrum with and without the intensity constraint respec-
tively, and α is the updating step size. Moreover, benefiting from the redundancy of cap-
tured raw images, the pupil function can be reconstructed in a similar way as shown in 
Eq. 2, where the pupil function and the spectrum are reversed. The updating formula 
is first proposed in the method of EPRY [42], which is a modified version of the ePIE 
method [55] applied in FPM.

Here, we report a revised pupil function updating formula, as shown in Eq. 3. The term 
of normalized spectrum modulus |O|2/|O|2max is omitted in the new formula. For the 
extremely high energy of the DC term in the bright-field spectrum, the term |O|2/|O|2max 
is close to zero and will make the pupil function P hard to be effectively updated. A simi-
lar normalized term was adopted for the update of the probe function in PIE [52] and 
ePIE [55] to defy the detector noise. However, it is not applicable to FPM because the 
object function O in the update formula is transformed from the spatial domain to the 
frequency domain. The comparison of the reconstruction results using Eq. 2 and Eq. 3 
are provided in Supplementary Note 1.

In practical implementations, Eq. (1) and Eq. (3) are applied to alternatively update 
the object function and the pupil function until the convergence condition is satisfied. 
However, the joint estimation of both object and pupil requires more raw datasets for 
obtaining the correct solution. In order to achieve aberration correction while ensuring 
imaging efficiency, the prior knowledge of the common aberrations is introduced to the 
reconstruction process. Here, we adopted the Zernike polynomials Zm

n  [44, 56, 57] as a 
suitable basis to express pupil aberration. Therefore, the degrees of freedom in solution 
space are reduced from a two-dimensional matrix to a small number of coefficients asso-
ciated with the dominant Zernike modes, which is beneficial for the reconstruction with 
limited raw images. More details and improvements of this implementation are further 
discussed in Supplementary Note 4, which is adopted as a way to reduce the require-
ment for data redundancy.

Samples for testing

We tested our method on a standard microlens array, a phase resolution target and HeLa 
cell cultures in Petri dishes. The micro lens array (18-00036, SUSS, Microoptics, refrac-
tive index (RI) of 1.45) was placed on a cover glass for imaging. The curvature radius 
is 9670 µ m and the pitch is 130 µ m for this target. Its theoretical maximum height is 
0.22 µ m, corresponding to a maximum phase of ∼ 1 rad. The adopted quantitative phase 
microscopy target (QPTTM , Benchmark Technologies Corporation, USA) provides an 

(1)O = O + α
|P|2

|P|2max

P∗

|P|2
[�u −�e]

(2)P = P + β
|O|2

|O|2max
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[�u −�e]
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O∗

|O|2
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optical path difference for QPI by increasing the thickness of the bars on a glass plate. 
The bars are made of the acrylate polymer (The refractive index is 1.52) on Corning 
Eagle XG Glass including groups 6 - 10 with the feature height of 150 nm. The cells were 
cultured in a 37◦ C incubator with 5 % CO2 for observation to further demonstrate the 
performance of the proposed method on biospecimens.

Computation platform used for AO‑QPI

The AO-QPI reconstruction algorithm was performed based on MATLAB software 
(MATLAB R2018b) with a laptop equipped with a 2.60 GHz central processing unit 
(Intel Core i7-10750H) and 16 GB of random-access memory. As we mainly focused 
on the proof-of-concept, the image reconstruction speed was not optimized. The time 
required for the computation processes (including 50 iterations to solve the phase and 
aberration simultaneously) of the raw intensity images (2048 × 2048 × 6) is ∼ 20 minutes. 
In the computation processes, we divided each full-FOV raw image (2048 ∼ 2048 pixels) 
into 10 × 10 sub-regions (256 × 256 pixels each), with a 60-pixel overlap on each side of 
neighboring sub-regions. After completing the reconstruction of each sub-region, a full-
FOV result is generated by using an alpha-blending stitching method. The consuming 
time for the reconstruction could be further reduced by implementing GPU acceleration.

Results and discussion
Optimal illumination scheme for AO‑QPI

In this section, we presented our simulation study and experimental results to validate 
the illumination scheme of AO-QPI for accurate and efficient aberration characteriza-
tion. The simulation parameters were chosen to realistically model the experimental 
platform. Figure 2(a) shows the input specimen phase and imaging aberration for simu-
lation, where a micro lens is adopted as the simulated specimen and the aberration is 
the sum of several Zernike polynomials. In Supplementary Note 2, we have verified that 
the annular illumination could replace the traditional FPM illumination mode for an 
effective ptychographic reconstruction. Based on the annular illumination, we further 
optimize the illumination scheme through simulations in this section. Figure 2(b) dem-
onstrates the necessity of the matched illumination condition for the accurate charac-
terization of both phase and aberration. We first performed the reconstruction using 12 
raw images with the matched illumination, and the obtained results are almost identical 
to the input, as shown in the first row of Fig. 2(b). For a fair comparison, we also adopted 
the same number of raw images for reconstruction, but the illumination NA is half of 
the objective NA in the second row of Fig. 2(b). In this case, the recovered aberration 
has a similar distribution but weaker amplitude compared to the input. It indicates that 
there are still uncorrected aberrations that could degrade the image recovery. The cor-
responding recovered phase shows a circular outline, which is a typical result obtained 
by high-pass filtering. This is due to the fact that the low-frequency information is lost 
in the imaging process without the matched illumination condition. More systematic 
analyses are provided in Supplementary Note 3. To further explore the minimum data-
set required for a successful aberration characterization, we provide the convergence 
curves as well as the reconstructed pupil aberrations using a different number of raw 
images in Fig. 2(c) and 2(d). Here, we adopted the algorithm of Zernike mode constraint 
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to improve the performance with limited number of raw images. For comparison, the 
comparable results with the method of EPRY are provided in Supplementary Note 4. 
As shown in Fig.  2(d), when only three raw images are adopted, the aberration error 
(RMSE) curve initially descends in the first several iterations but rebounds rapidly, and 
finally converges to a stable value with some fluctuations. The obtained result in Fig. 2(c) 

Fig. 2  Reconstructed phase and aberration under different illumination modes. (a) Simulated specimen 
phase (above) and aberration (below). (b) Reconstructed results with and without matched illumination, 
including illumination modes of the LED array (the red circle is NA of the objective lens), recovered 
aberrations, recovered phase and corresponding phase error. (c) Reconstructed results with 3, 6, 9 images. 
(d) Convergence curves of the reconstruction with different number of images. (e) Reconstructed phase of 
microlens in the full FOV. (e1) Experiment result of ROI using full 121 images. (e2) Experiment result of ROI 
using 6 images under the matched illumination. (e3) Experiment result of ROI using 37 images without the 
matched illumination
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completely deviates from the input which can be attributed to the insufficiency of data 
redundancy. The increase in data redundancy could steer the algorithm to better con-
vergence but the results are still unsatisfactory. As the number of raw images increases 
to more than six, the RMSE curve achieves a solid decline and finally converges to near 
zero, which indicates that we have successfully characterized the aberration.

To further validate the forementioned conclusions, we performed an experiment on 
the micro lens array, which was deliberately placed at an out-of-focus position. The LED 
array was adjusted to an appropriate height so that the six LED elements in the array 
can exactly provide the annular matched illuminations for imaging (the coordinates of 
these LED elements in the array are (0, ±5), (3, ±4), (-3, ±4), in Fig.  2(e2)). We first 
sequentially lit 121 LED elements distributed in an array to acquire the raw dataset. In 
Fig. 2(e1), all raw images are utilized for a typical FPM reconstruction and the imaging 
aberration as well as the phase of a micro lens are successfully recovered. The obtained 
aberration is mainly composed of a spherical aberration caused by defocusing, and the 
remaining part represents the error of the imaging system. Then we excluded most of the 
raw images and only adopted six of them to satisfy the matched illumination condition 
for reconstruction and the results are provided in Fig. 2(e2). As we have demonstrated 
in simulations, the aberration and phase obtained in this way are almost identical to the 
standard result. Figure 2(e3) provides the reconstructed results using 37 raw images with 
the illumination angles smaller than the objective NA. As with the results in the simu-
lation, the aberration and phase fail to converge to the correct solution in this case. It 
indicates that more raw datasets will not help the correct solution without the matched 
illumination. Based on the simulation and experiment results, it can be concluded that 
the matched illumination configuration provides an efficient way for the accurate recon-
struction of both sample phase and pupil aberration, and at least six raw images could 
provide sufficient data redundancy for the correct solution under this condition.

AO‑QPI on a quantitative phase microscopy target

A quantitative USAF phase resolution target was imaged to quantify the AO-QPI’s 
capacity to restore the diffraction-limited resolution in the presence of imaging aberra-
tion. To better demonstrate the aberration correction performance, the QPT was delib-
erately placed at an out-of-focus position to magnify the imaging aberrations. We first 
perform a standard FPM method without aberration correction to perform the quantita-
tive phase reconstruction using a total of 121 raw images. However, due to the uncor-
rected imaging aberrations, significant defocus artifacts appear on the recovered phase 
(Fig. 3(a)), which severely degrade the obtained imaging resolution. Then, the method of 
EPRY was performed using the same set of raw images, which is a common algorithm 
for aberration correction in FPM. With the characterization of the imaging aberrations, 
the desired phase map is successfully obtained, as is shown in Fig. 3(b). The minimum 
center-to-center distance of the line profile across the bars demonstrate the conserva-
tively estimated resolution of 690 nm, which is consistent with theoretical resolution of 
the imaging system (655 nm, 0.8 NA). The proposed AO-QPI was equally tested for the 
same recovery of both the imaging aberration and specimen phase as shown in Fig. 3(c). 
By integrating the annular matched illumination scheme and the aberration correction 
algorithm based on Zernike mode constraint, AO-QPI could provide the comparable 
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result with only six raw images. Moreover, through the comparison of the reconstructed 
aberrations in Fig.  3(b) and 3(c), we can see that a real aberration could be appropri-
ately characterized by the Zernike modes we adopted in the reconstruction algorithm. 
Through the experimental results above, we can see that the method of AO-QPI pro-
vides an efficient way to remove the aberrations and achieve the diffraction-limited per-
formance of the imaging system.

AO‑QPI on HeLa cell cultures for a full‑field imaging

In this section, the AO-QPI method was applied for imaging HeLa cell cultures across 
a full FOV of 1.77 mm2 . Although a flat-field microscope objective was adopted in the 
experiment, the optical imaging tends to exhibit aberrations that vary across the field. To 
defy the spatially-varying aberrations, we divided the full FOV into 10 × 10 sub-regions 
and performed the AO-QPI reconstruction on each region independently. In Fig. 4(b)-
4(g), we provide the recovered cell phase of six selected regions, as well as the recovered 
aberrations. In the provided phase maps, the subcellular structures are revealed with 
high-quality imaging performance, which could be adopted to proof that the aberrations 
within each local FOV have been effectively characterized and corrected. To further 
demonstrate the necessity of our method, we also compared phase maps reconstructed 
with and without the aberration correction. Figures 4(f1)-4(g1) are the zoomed-in views 
of cells in the red and blue boxes of Fig. 4(f ) and 4(g). With the successful characteriza-
tion of the aberration, the punctate ribosome structures inside the cells can be clearly 
distinguished with the resolution approaching the theoretical value of the imaging sys-
tem (see Fig. 4(f3) and 4(g3)). In Fig. 4(f2) and 4(g2), the comparable results are recon-
structed without the aberration correction except for an auto-refocusing algorithm [58] 
to remove the effect of defocus. It can be seen that the subcellular structures with a size 

Fig. 3  The experimental results on a quantitative phase microscopy target. (a) The reconstructed results with 
full 121 images with the aberration correction, including the illumination mode of the LED array (the red 
circle is NA of the objective lens), recovered aberration, recovered phase and corresponding phase profile. (b) 
The reconstructed results with full 121 images using the EPRY method. (c) The reconstructed results with 6 
images using the AO-QPI method
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close to the diffraction limit have been completely smoothed out due to the uncorrected 
aberrations. These results demonstrate the capacity of our approach to sustaining high-
quality imaging performance over a large field, suggesting that it provides a powerful 
tool for high-throughput biological analysis. More dynamic results to further verify this 
point can be seen in Visualization 1.

AO‑QPI on HeLa cell cultures over an extended period of time

The AO-QPI method was further performed for continuous observation of dynamic cell 
activities for up to dozens of hours, which is a challenging biomedical applications for 
microscopy. The adverse factors for long-term imaging can be attributed to thermal fluc-
tuations of the environment [59], mechanical instability of the system [60], and evapora-
tion from the cell media. All these factors will lead to the temporal-varying aberrations 
across the whole imaging process and significantly degrade the imaging quality. To solve 
these problems, we apply the AO-QPI method to provide the adaptive aberration cor-
rection and continuously decipher the dynamic cell activities with high quality across 
51 hours. The obtained time-lapse movie is provided in Visualization 2. Figure  5(a) 
shows the full-FOV phase map stitched together from the two frames at hour 0 and hour 
51. After the reproduction over dozens of hours, the cell populations went from being 
sparsely distributed to almost covering the full FOV. Figure 5(a1) to 5(a5) are the five 
frames of the zoomed-in cell phase maps extracted from the movie at a 12-hour interval. 
The corresponding recovered aberrations vary significantly across the whole imaging 
process and the main reason can be attributed to focus drift (see the line chart beside). 
Figures  5(b1)-5(b4) demonstrate the performance of AO-QPI to trace the organelle 
motions occurring on a short time scale and at a small length scale. In Fig. 5(c1)-5(c3), to 

Fig. 4  Full-FOV high-resolution reconstruction of living HeLa cultures based on AO-QPI. (a) Reconstructed 
full-FOV phase map. (b-g) Zoomed view of the reconstructed cell phase in 6 regions as well as the recovered 
aberrations. (f1)-(f2) (g1)-(g2)Comparison of recovered phase maps with and without aberration correction in 
red and blue boxes of (f ) and (g). (f3) (g3) Profiles of the cell phase in (f1)-(f2) and (g1)-(g2)
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further verify the necessity of the dynamic correction, we compare the cell phase maps 
reconstructed with the same six raw images but corrected by the aberrations recov-
ered at different time points. It can be seen from the obtained phase maps that a fixed 
correction could not sustain the imaging quality for even a few hours, and the adap-
tive correction scheme is hence indispensable for long-term imaging. Benefiting from 
the long-term stable imaging capacity of AO-QPI, we further study the cell morphology 
during cell divisions covering three generations. The cell images at the key timings are 
given in Fig. 5(d1)-5(d6). The mother cell in Fig. 5(d1) underwent three mitoses across 
∼ 27 hours and was eventually divided into four individual daughter cells, as shown in 
Fig. 5(d6). The provided experiment results reveal the capacity of the AO-QPI approach 
for correcting temporally varied aberrations and securing the imaging performance for a 
long-term longitudinal study.

Through the experimental results demonstrated in Fig.  5, we can see that the pro-
posed AO-QPI could stably provide continuous analysis of single cells over several cell 
divisions, even though the microscopy hardware might have not been robust enough 
for long-term imaging. The long-term continuous imaging is indispensable to detect 
dynamic, rare, and heterogeneous cell responses, which could otherwise be missed by 
the single-shot imaging. Compared with the existing methods [60–63] for tracking focus 

Fig. 5  Long-term live-cell phase imaging across 51 hours [see Visualization 2]. (a) The Full-FOV phase maps 
of the first and last frame in the movie. (a1)-(a5) The zoomed-in phase maps in the central region of (a) as 
well as the line chart indicating the out-of-focus distance variation over the 51 hours. (b1)-(b4) Dynamic 
high-resolution demonstration of cellular architecture across 4 hours. (c1)-(c3) Comparison of results with and 
without adaptive aberration correction as well as the profiles of the cell phase. (d1)-(d6) The 3-generation cell 
division process from 8h 6min to 35h 6min
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drift in real time, our approach does not require any additional hardware and allows dig-
ital refocusing after the data has been acquired. In addition, the commonly used algo-
rithm of gradient detection for autofocusing is problematic for cell culture dishes as the 
intensity image has the lowest contrast when the sample is placed at the in-focus posi-
tion. The reported AO-QPI scheme can address this challenge and offer a turnkey solu-
tion for long-term in vitro imaging in a robust and stable manner.

Conclusions
In this article, we first apply an FPM-based computational AO method in QPI to secure 
the high-quality performance for long-term imaging across a wide field. The proposed 
AO-QPI approach is based on the annular matched illumination configuration, which 
has been verified to be essential for the recovery of low-frequency phase information 
[23, 49]. Here, through the simulations and experiments, we further reveal that such an 
illumination configuration is equally indispensable for the accurate characterization of 
the imaging aberrations. This can be attributed to the characteristic of the aberration 
which mainly consists of low-frequency components. To improve imaging efficiency, we 
also analyze the minimum data redundancy required for a successful recovery of both 
phase and aberration. We find that only six raw images could provide sufficient raw 
datasets for the ptychographic reconstruction, performing the real-time imaging of live 
cells. For a further demonstration of AO-QPI’s performance on biomedical samples, we 
apply the method to HeLa cell cultures for long-term and wide-field imaging. The dif-
fraction-limited imaging performance is secured across a large FOV of 1.77 mm2 , over 
a long period of 51 hours at a 16.66 Hz frame rate. Our demonstration indicates that 
the AO-QPI approach offers a powerful tool for joint spatiotemporal adaptive aberration 
correction.

The FPM-based aberration correction approach has been widely applied in many chal-
lenging fields to improve imaging performance [43, 64–67]. However, a limitation is that 
these works are mainly aimed at stained samples. In this article, we first apply a similar 
framework for quantitative phase imaging. It should be noted that due to the transfer 
response difference of the sample’s phase and absorption components in the FPM imag-
ing process [23, 49], the aberration recovery for pure phase objects is more difficult to be 
achieved based on a normal FPM illumination scheme. The adopted annular matched 
illumination configuration could provide a reliable and efficient approach for aberration 
correction on the transparent biospecimen. Moreover, as an extension to FPM, the tech-
nology of 3D FPM [68–71] is developed to further reveal the 3D phase information for 
thick samples. The existence of aberrations could also affect the imaging performance 
of the 3D phase imaging. Therefore, applying AO-QPI to achieve high-quality depth-
resolved imaging for thick phase objects is another important direction that requires 
further investigation.
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