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FOURIER PTYCHOGRAPHIC MICROSCOPY
WITH MULTIPLEXED ILLUMINATION

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to, and the benefit of, U.S. provisional
patent application serial number 62/000,520 filed on May 19, 2014,

incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT
[0002] Not Applicable.

INCORPORATION-BY-REFERENCE OF
COMPUTER PROGRAM APPENDIX
Not Applicable

BACKGROUND

[0003] 1. Technical Field

[0004] The present technology pertains generally to optical imaging and
more particularly to a brightfield microscope with a programmable LED light
source, camera and processor for Fourier ptychographic microscopy with
multiplexed illumination for fast, wide field of view, high resolution imaging.

[0005] 2. Background

[0006] For centuries, microscopes have had to trade field of view (FOV) for
resolution. This originates from the fact that aberrations grow approximately
linearly with FOV, thus space- bandwidth product (SBP) is constant across
different magnifications. Recently, a new computational imaging technique,
termed Fourier ptychographic microscopy (FPM), circumvents this limit by
capturing images from many different illumination angles. FPM recovers
gigapixel-scale intensity and phase images having both wide FOV and high
resolution, which previously were mutually exclusive. This method has
enormous potential for revolutionizing biomedical microscopy. The FPM
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system has already found use for high-throughput digital pathology.
However, FPM has been limited to fixed (immobile) biological samples,
since image acquisitions require several minutes. Given that a majority of
biological microscopy involves live samples, the slow acquisition speed of
FPM is a major limitation. Sub-cellular features in live samples are
changing rapidly, which creates motion blur if data is not captured quickly.

In vitro microscopy is crucial for the study of physiological
phenomena in cells. For many applications, such as drug discovery, live
cell mass profiling, cancer cell biology and stem cell research, the goal is to
efficiently identify and isolate events of interest. As these events often
happen rarely, automated high throughput and high content imaging is
highly desirable in order to provide statistically and biologically meaningful
analysis. Thus, an ideal technique should be able to image and analyze
tens of thousands of cells simultaneously across a wide field of view (FOV).
Furthermore, to observe dynamical processes across various spatial and
temporal scales, both high spatial and high temporal resolution are of equal
importance. Existing high throughput imaging techniques cannot meet the
space-bandwidth-time product required for in vitro applications.

The main limitation of FPM for in vitro applications is the long
acquisition time that causes motion blur. Not only are hundreds of images
captured for each reconstruction, but also long exposure times are needed
due to the large intensity falloff at high angles. In addition, the large
dynamic range differences between brightfield and dark field images
(typically 2-4 orders of magnitude) caused previous works to employ a
multi-image High Dynamic Range (HDR) capture method, further increasing
acquisition time. Accordingly, there is a need for imaging systems and
methods that will provide fast acquisition speeds by several orders of
magnitude by reducing both capture time for each image and total number
of images required. The present technology satisfies these needs as well

as others and is generally an improvement over the art.
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BRIEF SUMMARY

[0009] The present technology is based on Fourier ptychographic
microscopy (FPM), which is a new computational imaging technique that
overcomes the physical space-bandwidth product (SBP) limit. In traditional
microscopy, one must choose between large FOV or high resolution,
however, FPM achieves both by trading off temporal resolution.

[0010] The apparatus and methods provide wide field, high resolution
imaging on the LED array microscope (named Fourier ptychography) with
multiplexed illumination coding strategies that both reduce the acquisition
time and the data size required by more than an order of magnitude while
achieving the same imaging performance. The result achieves high
resolution across large field of view in real-time imaging.

[0011] A major advantage of FPM is its ability to capture high SBP images
in a commercial microscope with no moving parts. The microscope has a
programmable LED array, optical imaging elements, a camera and an
image processor. The image processor may also have programming that
actuates the LED lights in the array and a display.

[0012] A sample is placed on the microscope platform for examination.
lllumination angles are scanned sequentially with illumination from the
programmable LED array, while taking an image at each angle using a low
magnification objective having a wide FOV. Tilted illumination shifts the
sample’s spectrum in Fourier space, with the objective aperture selecting
out different regions. Thus, by scanning through different angles,
information about many regions of the Fourier space are captured. Even
though the spatial resolution of each measurement may be poor, the
images collected with high illumination angles (dark field) contain sub-
resolution information. It is possible to computationally combine the
information in post-processing to achieve resolution beyond the diffraction
limit of the objective up to the sum of the objective and illumination
numerical apertures (NA).

[0013] In order to reach the goal of sub-second capture times, the capture

strategy exploits the redundancy in FPM data by using multiplexed
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ilumination schemes which require significantly fewer images. The
redundancy arises because of a requirement that the Fourier space area for
each neighboring LED be overlapped by at least 60% in order to ensure
algorithm convergence. This means that approximately ten times more data
5 must be captured for reconstruction than is needed to reconstruct when
using a sequential FPM strategy. The angle-multiplexing scheme instead
turns on multiple LEDs simultaneously for each measurement, allowing
coverage of multiple Fourier space regions. Without eliminating the overlap,
the full Fourier space is covered with fewer measurements, meaning that it

10 is possible to capture faster sample dynamics and greatly reduce the data
management burden.

[0014] The methods employ a random, non-random or hybrid coded
ilumination across both brightfield and dark field regions along with
corresponding reconstruction algorithms. The hybrid capture scheme,

15 termed Fast FPM, first captures 4 DPC images (top, bottom, left, right half-
circles), then uses random multiplexing with 8 LEDs to fill in the dark field
Fourier space region. Asymmetric illumination-based differential phase
contrast (DPC) provides a means for recovering quantitative phase and
intensity images out to two times the objective NA with only 4 images.

20 Therefore, there is no need to individually scan the brightfield LEDs.

[0015] According to one aspect of the technology, a microscope apparatus
is provided with a programmable LED array that allows multiplexed
ilumination schemes and Fourier ptychographic microscopy with fast
acquisition times.

25 [0016] According to another aspect of the technology, imaging methods are
provided with random, non-random and combined illumination schemes
and image reconstructions that permit high resolution 2D and 3D imaging of
cells and cell processes.

[0017] A further aspect of the technology is to provide stain-free and label-

30 free imaging techniques that are easy to use, non-invasive and non-toxic.
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[0018] Further objects and aspects of the technology will be brought out in
the following portions of the specification, wherein the detailed description
is for the purpose of fully disclosing preferred embodiments of the

technology without placing limitations thereon.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWINGS
[0019] The technology described herein will be more fully understood by
reference to the following drawing which is for illustrative purposes only:
[0020] FIG. 1 is a schematic flow diagram of a Fourier ptychographic
microscope apparatus with multiplexed illumination with a programmable
LED array according to one embodiment of the technology.
[0021] FIG. 2 is a schematic flow diagram of a method of Fourier

ptychographic microscopy according to one embodiment of the technology.

DETAILED DESCRIPTION

[0022] Referring more specifically to the drawings, for illustrative purposes,
embodiments of the apparatus and methods for wide field of view, high
resolution imaging with Fourier ptychographic microscopy using multiplexed
ilumination are generally shown. One embodiment of the technology is
described generally in FIG. 1 and FIG. 2 to illustrate the apparatus and
methods. It will be appreciated that the methods may vary as to the
specific steps and sequence and the apparatus may vary as to structural
details without departing from the basic concepts as disclosed herein. The
method steps are merely exemplary of the order that these steps may
occur. The steps may occur in any order that is desired, such that it still
performs the goals of the claimed technology.

[0023] Turning now to FIG. 1, one apparatus 10 for Fourier ptychographic
microscopy is schematically shown. The apparatus 10 has a conventional
brightfield microscope 12 with a programmable LED array 14 as a light
source. This simple, inexpensive hardware modification allows deliberate
patterning of the illumination 16 at the Fourier plane 24 of the sample 18
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(assuming Kohler geometry). Light 20 from sample 18 is directed through
the optical lenses 22, 26 of the brightfield microscope and light 28 is
received by imaging device 30 such as a camera. The image data obtained
from imaging device 30 may be transferred to a computing device 32 for
processing and display.

The LED array 14 preferably includes a programmable controller that
is configured to illuminate one or more of the light emitting diodes of the
array over time in a designated pattern and temporal sequence. In one
embodiment, control over the LED array 14 is performed by programming
on computing device 32.

This method, named Fourier ptychography, enables one to use a low
NA objective, having a very large field of view (FoV), but still obtain high
resolution across the entire image, resulting in gigapixel images. The
aberrations in the imaging system can also be estimated without separate
characterization. All of these imaging modalities are achieved in the same
optical setup, with no moving parts, simply by choosing the appropriate
LEDs of the array to turn on. Accordingly, LED array illumination strategies
can be developed to different types of specimens and imaging needs.

One of the limitations of Fourier Ptychography is the large amount of
data captured and the long acquisition times required. An image must be
collected while scanning through each of the LEDs in the array, leading to
hundreds of images in each dataset. This is compounded by the fact that
each LED has limited intensity, requiring long exposures. The multiplexed
ilumination schemes are capable of reducing both acquisition time and the
number of images required by orders of magnitude.

Thus, each LED in the array corresponds to the illumination 16 of the
sample at a unique angle. Conveniently, the range of illumination angles
that can be patterned is much larger than the range of angles that pass
through the objective lens set by its numerical aperture (NA). This means
that illumination by the central LEDs of the array 14 produces brightfield
images, whereas illumination by the outer LEDs that are outside the NA of

the objective will produce dark field images.
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[0028] Alternatively, by sequentially taking a pair of images with either half
of the light source 14 on, it is possible to obtain phase derivative
measurements by differential phase contrast (DPC). In DPC, quantitative
phase is recovered from two images, taken with complementary
asymmetric illumination patterns. The difference between the two images is
related to the sample’s phase derivative along the axis of asymmetry.

[0029] Because of the flexible patterning of the LED array 14, it is possible
to implement DPC measurements in real-time and along arbitrary axes of
asymmetry, without any mechanical parts. Conveniently, DPC only
requires hardware changes on the illumination side or on the detection side,
thus it can be integrated into existing systems such as endoscopy.

[0030] Finally, a full sequential scan of the 2D array of LEDs (angles), while
taking 2D images at each angle, captures a 4D dataset similar to a light
field or phase space measurement. This enables all the computational
processing of light field imaging.

[0031] For example, angular information can be traded for depth by using
digital refocusing algorithms to get 3D intensity or 3D phase contrast. When
the sample is thin, angular information can instead be used to improve
resolution by computationally recovering a larger synthetic NA, limited only
by the largest illumination angle of the LED array.

[0032] Turning now to FIG. 2, one method 100 for Fourier ptychographic
microscopy is schematically shown. The methods utilize a conventional
microscope at block 110, for example, that has a programmable LED array
and any multiplexed illumination for achieving wide field of view, high
resolution imaging in Fourier ptychographic microscopy. Fourier
ptychography is a computational microscopy technique that achieves
gigapixel images with both wide field of view and high resolution in both
phase and amplitude. The programmable LED array allows one to flexibly
pattern illumination angles without any moving parts. The aberrations in the
imaging system can also be estimated without separate characterization.
All of these imaging modalities are achieved in the same optical setup
simply by choosing the appropriate LEDs to turn on.
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[0033] The multiplexed illumination strategy is selected at block 120 of FIG.

2. This selection will be influenced by the nature of the specimen that is to
be analyzed. For example, if the specimen or component of interest to be
viewed is generally static, then a random illumination scheme can be

5 selected at block 120. Similarly, if the specimen is a live cell or group of
cells and fast acquisition times are needed then a non-random illumination
scheme can be selected and applied. Given that a majority of biological
microscopy involves live samples, a slow acquisition speed is a major
limitation. Sub-cellular features in live samples are changing rapidly, which

10 creates motion blur if data is not captured quickly. Motion blurs or
disappearing features and other artifacts can also be avoided with the
proper selection of illumination scheme at block 120.

[0034] The strategy that is selected at block 120 may also be influenced by
the desired characteristics of the images that are to be produced and the

15 limitations of the hardware that is available. The selection of illumination
strategy may be influenced by the desire for three or four dimensional
imaging versus two dimensional imaging.

[0035] One of the main limitations of conventional ptychography is the large
amount of data captured and the long acquisition times required. An image

20 must be collected while scanning through each of the LEDs in the array,
leading to hundreds of images in each dataset. This is compounded by the
fact that each LED has limited intensity, requiring long exposures. The
multiplexed illumination schemes are capable of reducing both acquisition
time and the number of images required by orders of magnitude.

25 [0036] The illumination strategy that is selected at block 120 is then
implemented and the resulting image data is processed and a final image is
reconstructed at block 170. Representative illumination strategies and
image processing schemes include: a random scheme at block 130; a non-
random scheme at block 140; a combined random and non-random

30 scheme at block 150 and a three dimensional scheme at block 160. Each
of these schemes has functional algorithms that produce refined and
processed data for reconstruction at block 170.
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[0037]

[0038]

[0039]

[0040]

There are many choices of coding strategies for multiplexed
measurements at block 130. By turning on M LEDs for each image, the
exposure time can be linearly reduced by a factor of M while maintaining
the same photon budget. Since each image covers M times more area of
Fourier space, the total number of images may also be able to be reduced
by a factor of M. Thus, the possible reduction in total acquisition time is M2.
Intuitively, we would like each pattern to turn on LEDs which are far away
from each other, such that they represent distinct (non-overlapping) areas
of Fourier space. However, we still need overlap across all the images
captured, so later coded images should cover the overlapping areas.

At block 130, a general random coding scheme is used where the
number of LEDs on is fixed, but their location varies randomly for each
captured image, subject to the rule that each LED needs to be used at least
once in each dataset, even when the number of images is reduced. Early
images that are acquired will have M LED’s turn on randomly with uniform
probability but LED actuation in later images will exclude those LEDs that
have already been activated. This process generates a set of N;gp/M
patterns which fully cover all LEDs. The process is repeated many times to
generate the additional images needed for matching the number of images
to the sequential scan. This scheme achieves good mixing of information
and balanced coverage of Fourier space for each image.

There are many choices of coding strategies for multiplexed
measurements. By turning on M LEDs for each image, one can linearly
reduce the exposure time by a factor of M while maintaining the same
photon budget. Since each image covers M times more area of Fourier
space, one may also be able to reduce the total number of images by a
factor of M. Thus, the possible reduction in total acquisition time is M2.
Intuitively, each pattern should to turn on LEDs that are far away from each
other, such that they represent distinct (non-overlapping) areas of Fourier
space. However, overlap across all the images captured is still needed so
that later coded images cover the overlapping areas.

Here, a general random coding scheme is used where the number of

-9-
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LEDs on is fixed, but their location varies randomly for each captured
image, subject to the rule that each LED needs to be used at least once in
each dataset, even when the number of images is reduced. Early images
that are acquired will have M LED’s turn on randomly with uniform
probability but LED actuation in later images will exclude those LEDs that
have already been activated. This process generates a set of N;gp/M
patterns which fully cover all LEDs. The process is repeated many times to
generate the additional images needed for matching the number of images
to the sequential scan. This scheme achieves good mixing of information
and balanced coverage of Fourier space for each image.

One embodiment provides a forward model for multiplexed Fourier
ptychography as follows: consider a thin sample described by the complex
transmission function o(r), where r = (x,y) denotes the lateral coordinates
at the sample plane. Each LED generates illumination at the sample that is
treated as a (spatially coherent) local plane wave with a unique spatial
frequency ky, = (Kxm, kym) for LEDs m = 1, -+, Nygp, where Nygp is the total
number of LEDs in the array. The exit wave from the sample is the
multiplication of the two: u(r) = o(r)exp(iky, - r). Thus, the samples
spectrum O(k) is shifted to be centered around ky, = (sinByp, /A, sinby, /1),
where (6, 0yr) define the illumination angle for the m™" LED and 2 is the
wavelength.

At the pupil plane, the field corresponding to the Fourier transform of
the exit wave O(k — ky,,) is low-pass filtered by the pupil function P(k).
Therefore, the intensity at the image plane resulting from a single LED
ilumination (neglecting magnification and noise) is:

im (1) = |Flog-ky)Pao)] (r)|2, where F|(;(r) is the 2D Fourier transform.

For multiplexed images, the sample is illuminated by different sets of
LEDs according to a coding scheme. The p" image turns on LEDs with
indices £, chosen from {1,---, Ny gp}. When multiple LEDs are on at once,
the illumination must be considered partially coherent, with each LED being
mutually incoherent with all others, representing a single coherent mode.

-10-
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[0044]

[0045]

[0046]

[0047]

[0048]

[0049]

The total intensity of the p™ multiplexed image I, (r) is the sum of

. "™ X 2
intensities from each: 1,(r) = Zmec, im (M) = Zmer, [Froaekmpao1 ]

where the symbol € denotes that m is an element from the set £,.

Assuming that the entire multiplexed FP captures a total of Nj,s
intensity images, the multiplexing scheme can be described by a Nj,; X
Ny gp binary coding matrix A = [A, ,], where the element of the matrix is

1, meﬁp

y m:l,...,N y :1,...,N. .
0, otherwise LED- P mg

defined by A, = (

Any coding matrix should satisfy the following general requirements:
(1) any column of A should contain at least one non-zero element, meaning
that each LED has to be turned on at least once; (2) any row of A should
contain at least one non-zero element, excluding the trivial case that no
LEDs are turned on in a certain measurement; (3) all the row vectors
should be linearly independent with each other, implying that every new
multiplexed image is non-redundant.

For the inverse multiplexed illumination case, the algorithm jointly
recovers the sample's Fourier space 0(k) and the unknown pupil function
P(k). The field of view is split into patches that have an area that is on the
order of the spatial coherence area of a single LED illumination and
incorporates the multi-LED forward model in the optimization procedure. In
one embodiment, procedures for background estimation and regularization
for tuning noise performance are added to improve robustness.

The least squares formulation for reconstruction is a non-convex
optimization problem. The square of the difference between the actual and
estimated measurements is minimized, based on the forward model, with

an additional term describing the background offset b,:

i Nimg 9|1, (r) — F 21b,)|
min Zoot Zr |Ip(r) (Zmezzp| [0(k—k)P(0] (D] p)l'

01, P.{bp} g

Since there are multiple variables involved in the optimization, the
approach optimizes for each sequentially. First, we estimate the

background in a single step for each image Bp and subtract it to produce

11-
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the corrected intensity image 1,(r) = 1,(r) — b,,.

[0050] Next, an iterative process is started which estimates both the object
and the pupil functions simultaneously. We initialize O(k) to be the Fourier
transform of the square root of any of the images which contain a brightfield
LED, and initialize P(k) to be a binary circle whose radius is determined by
the NA. To do this, the auxiliary function is introduced W, (k) defined as
W (k) = 0(k — ky,)P(k), which is the field immediately after the pupil from
the mt™-LED illumination. Then, using the corrected intensity image Tp(r),
we iteratively update W, (k) for all m, along with the estimates of O(k) and
P(k).

[0051] The basic structure of the reconstruction algorithm is to update the
auxiliary function incrementally from image p = 1 to Ny, in each iteration,
and then to repeat the same process iteratively until the value of the merit
function the quantity from the minimization falls below a certain tolerance.
Each incremental update consists of the following two steps.

[0052] Next, the auxiliary function ¢$)(k) using the p™ intensity image is
updated. Let the estimate of the m™ auxiliary function in the i*" iteration be
W (k) = 0O (k — k)PP (k). First, compute the real space representation
of the m™" auxiliary function

Qo =7r w0 0] (r), me€ L,

[0053] Then, a projection procedure similar to the Gerchberg-Saxton-
Fienup type of update is performed by rescaling the real space auxiliary
function by an optimal intensity factor and returning back to the Fourier
space representation:

o) = Fly L withoD(r) = |—22— D), me L,
|6 ] Smezp [U5 @)

[0054] Next, the sample spectrum 04*1 (k) and the pupil function P+ (k)

is updated as follows:

12-
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Tmecp [PO ktken)|[PO (et k)| [ (et ki)~ 0D (PO (et
[P® ) |max'(zm“p [PO (k+km) |2 +6 1)
Tmecp [00 (=) | [0D (k-ke)] | @) (1)~ 00 (k—1epy) PO (10)]
0D, (Emezp [0D (k—km)|* +52)

00+ (k) = 0D (k) +

pl+D) k) = p® (k) +

’

where 6; and &, are some regularization constants to ensure numerical
stability, which is equivalent to an {,-norm/Tikhonov regularization on O(k)
and P(k). The particular choice of updating step size, determined by the
ratio between |P® (k)| and its maximum (|J0® (k)| and its maximum), is
shown to be robust.

[0055] Since the original optimization above involves P images which
contain massive amounts of pixels, an efficient way is to use the
incremental method in optimization theory that updates W, (k)
"incrementally" for m € £, in a sequential manner for each p = 1 t0 Nj,.

[0056] For each image Tp(r), the framework of alternating projection (also
known as projection onto convex sets (POCS)) methods is exploited to

estimate the auxiliary functions {wm(k)}meﬁp involved in the p" image.
Specifically, the estimates of {wm(k)}meﬁp associated with the p™ image

are projected back and forth between the following two sets:

~ 2
Cor 2 Wm0 mer, (1) = D |Fiwaon®|vr

meLly

Coz 2 {Wn(Wmes,: P (K) = O(k — ki)P(K), m € £,,0(k), P(k) € C, Wk},

[0057] Let the estimate of the m™ auxiliary function in the it" iteration be
LIng)(k), with the i™ incremental iteration proceeds sequentially with the
image index as i = pmodNjy,,.

[0058] The projection procedures are derived as follows:

[0059] 1. Projection onto Set C, ;: By introducing an intermediate variable

dbg) (k) in the it" iteration, the alternating projection procedure onto the set

Cp,1 Can be translated mathematically into the following optimization:

13-
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(®R 00}, = arggin z z [P () = Y|, 5.t Py (K, € Cpr-
mely,

[0060] This difficulty of the optimization lies in the total intensity constraint
on the inverse Fourier transforms, which couples different auxiliary
functions m € £,,. Fortunately, because of the unitary nature of Fourier

5 transform, it is obvious that the objective function can be equivalently
transformed into the real space as:

(00}, =arzmin > > [on® — 400 st = ) #a0F,

me p T mELp

where q>m (r) and L|Jm (r) are the real domain variables corresponding to
Cbgq) (k) and LIJSR (k). The merit of viewing the optimization in the real space

is that the optimization now becomes completely separable in the pixel r,

10 which can be simplified as:
. 2 R
{ (l)(r)} = arg mm Z |c|)m(r) gq)(r) ,s.tlp(r) = Z |pm (D)2,
P mELp meLly
[0061] Therefore, the optimization can be solved via the Lagrangian

multiplier method by incorporating the constraint into the Lagrangian with a

15 multiplier A:

(00024 =argmin Y [ou) 400 2 (L)~ Y 6nF |
P meLy, meLlp

[0062] By setting the derivatives with respect to A and ¢, (r) form € £, to
20 zero, the solutions for each auxiliary function in the set m € £, in this

projection step are:

(1)( ) — iP(r) ® (I‘) mE L
Smecy 00|
[0063] Therefore finally, the resulting solution for the intermediate variable

-14-
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in the frequency domain can be directly obtained by: ®% (k) = 7-"[‘ (%),

1
Yol
where Tﬁ] (k) is the inverse Fourier transform.

[0064] This resembles the classic Gerchberg-Saxton update in phase
retrieval by forcing an identical intensity Tp(r)/Zmeﬁp |L|Jfl? (r)|? for each

5 auxiliary function.

[0065] 2. Projection onto Set C,,,: The projection onto set C,, can be
equivalently obtained by solving for 01+ (k) and PU+1 (k) separately and
updating the auxiliary function as the product of the two:

WD (k) = 00+ (k — k,, )PED(k), vm € £,
{06+ (1K), PA*D ()} = arg_min z z |0(k — k) P(K) — L ()|
k

ok),P(k)
meLly

10 [0066] This optimization is clearly separable in k (but not in m), which can

be simplified as

{00+ D (k), PU+D(k)} = arg_min Z |0(k — kp)P(K) — o (k)lz'

0(k),P(k)
meLly
[0067] The gradients of the objective function f(O(k— k), P(k)) =
15 Smez, 10(k — kp)P(k) — ®F) (K)|? can be obtained as:

Af(0(k — ky), P(k i
( a(0<k—k)m>( 2= D [0tk = kn)P(R) = OR 0] PCOT

mELp
9f(0(k — k), P(k)) _ " *
P (k) =2 Z [0(k — kp)P(K) — @) (0] [O(k — kyy)]
mELp
[0068] By setting the derivatives with respect to 0(k) and P(k) to zero, the

optimality conditions are obtained that need to be satisfied by the updates
20 {00+ k), PA+D (K}

Smezy [POV(K + k)] OF (k + k)

00+ (k) = -
) Sz, PO+ k)P
ST % UM Lt ) i (0

ez, [0FD(k — ky) 2

15-
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[0069] However, the updates depend on each other and hence cannot be
obtained directly since they are both unknown. Therefore, instead of solving
for the updates in one shot, we perform another numerical sub-optimization
with sub-iteration indexed by { to numerically obtain the pair of updates
{00+ k), PA+D (k)}. For this sub-optimization, we choose to use Newton's
method (i.e., second order), which further requires the computation of the
second order derivative of the objective function:

0“f(0O(k — k), P(k)) _ > Z IP(K)|?

90(k — ky)?
meLly
9%f(0(k — kp), P(k)) 5
S =2 z 10k — k)|
meLly
[0070] The updates by Newton methods are written below by evaluating the

first and second order derivatives with the previous iterates 009 (k) and
PO (k):
0%f(0(k — k), P(k)) - df(0(k — k), P(k))
90 (K — k)2 20(k)
0%f(0(k — kp), P(k)) - df(0(k — kpy), P(k))
9P (k)2 aP(k) '

0UA+D) (k) = 0D (k) + step — size - [

pat+1) (k) = p@b (k) + step — size - l

[0071] Generally speaking, Newton methods are preferred in non-linear
least squares problems (precisely our formulation) due to their fast
convergence and stability compared with first order methods such as
gradient descents. Furthermore, we employ the Levenberg-Marquardt
algorithm, which is a variant of the Gauss-Newton algorithm by
superimposing a constant § to the second order derivative, to avoid the
singularity of possible zeros in the denominator. Here for the stability
concerns, we also impose a constant on the second order derivative in the

Newton's method, which is equivalent to introducing an £,-norm

regularization on O(k) and P(k). Let the "™ sub-iterate pair be
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{009 (k), PUD(k)}, then the Levenberg-Marquardt version of the Newton's

algorithm updates can be computed with step-sizes a®? (k) and @Y (k) as
a0 (ktkp)

Tmecp [POD (k)| +84

X Tmer, [P+ ke [P (k + k) — 0D PO (k + k)]

PULD (k) = PUD (k) + B ) i
Smecp (060 (k)| * +5

X Zmec, (009 (k — kn)] [@F () — 09 (k — ky)POO ()],

O(i,2+1) (k) — O(i,lf) (k) 1+

[0072] For simplicity, the step-sizes can be chosen as constants al (k) =
a and 4D (k) = p for all k and all iterations. Then finally, after L passes of
the Levenberg-Marquardt updates, the final updates of {0U+D (k), PU+D) (k)}
are obtained as {0W+D(k), PI+D (k)} = {0WD (k), OB (k) 1.

[0073] Referring now to Block 140 of FIG. 2, a non-random illumination
scheme can be selected and implemented in suitable settings. In one
embodiment, a multiplexed coded illumination and a simplified
reconstruction algorithm suited for this method is provided with high
resolution intensity and phase reconstruction up to 2x the diffraction limit of
a microscope objective lens.

[0074] The preferred non-random illumination scheme is a differential phase
contrast (DPC) scheme. DPC is a quantitative phase imaging technique
that measures a phase derivative of a sample by taking a pair of images
from complementary asymmetric illumination patterns. Distinct from
coherent techniques, DPC relies on partially coherent illumination, providing
2x better lateral resolution, better optical sectioning, and immunity to
speckle noise. The scheme preferably uses a weak object transfer function
(WOTF) to quantify how the sample’s phase information is converted into
the DPC measurements and a quantitative phase reconstruction method
that is robust to noise.

[0075] Because phase reconstructions from single-axis DPC measurements
suffer from missing frequencies along the axis of asymmetry, DPC

measurements along multiple axes are used to measure the missing
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frequency information. Here, the whole dataset consists of one or multiple
sets of image pairs, in which each pair of images is taken from a
complementary pair of illumination patterns. In each set of image pairs, the
first image is taken by turning on multiple LEDs on one side of the axis of
asymmetry, denoted as I;, the second image is taken by turning the
complementary illumination pattern on the other side of the axis of
asymmetry, denoted as Iz. Examples of such illumination pairs includes a
pair of ‘D-shaped’ patterns with arbitrary radius, a pair of pie shaped
patterns with arbitrary subtending angles, a pair of half annulus shapes with
arbitrary inner and outer radii, and a pair of arch-shaped patterns with
arbitrary inner and outer radii, and subtending angles. Each image pair is
combined to form the DPC image 12F¢ by the following equation:
IRFC = (I, = IR)/ (I, + 1R)

where n = 1,2, ... N denotes the index of image pairs, and the whole dataset
contains N sets of image pairs. The intensity reconstruction is simply:
Igr = I + Ig.

The phase reconstruction algorithm is as follows:

The phase of the unknown object ¢ is related to the DPC image by:

IDPC = F~HH(w) - F{}},

where F{-} and F~1{-} are the 2D Fourier and inverse Fourier transforms.
The phase transfer function H(u) is pre-calculated based on the LED
ilumination pattern by:

H(w) =

J(SL) = SgNP* ()P + wydu' — f (Sp(u) — Sg(W)P*(W)P(u' —
u)du’,

where S; and Sy are the the pair of LED illumination patterns, P(u) is a
system quantity of the microscope, known as pupil function, and can be
approximated as a circular function whose radius is set by the NA.

Then, the phase reconstruction is done by the following equation:
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L (TaH () - O
¢=F { STHWPE + }

where o is a constant that needs to be tuned experimentally.

[0078] The main limitation with in vitro applications is the long acquisition
times, which causes motion blur. Not only are hundreds of images captured
for each reconstruction, but also long exposure times are needed due to the
large intensity fall off at high angles. A fast acquisition method for in vitro
imaging with both high spatial and temporal resolution over a wide field of
view is provided at block 150.

[0079] The multiplexed coded illumination and reconstruction algorithm that
is applied at Block 150 is a combination of the non-random scheme of block
140 and the random scheme of block 130. It provides high resolution
intensity and phase reconstruction to several times (at least 2x) of the
diffraction limit of the microscope objective lens. Here, the acquisition
speed is improved by several orders of magnitude by reducing both capture
time for each image and total number of images required.

[0080] Tilted illumination shifts the sample’s spectrum in Fourier space, with
the objective aperture selecting out different regions. Thus, by scanning
through different angles, information about many regions of the Fourier
space is captured. Although the spatial resolution of each measurement is
poor, the images collected with high illumination angles (dark field) contain
sub-resolution information. The information can be computationally
combined in post-processing to achieve a resolution beyond the diffraction
limit of the objective - up to the sum of the objective and illumination
numerical apertures (NA).

[0081] In this case, the data is collected using two kinds of illumination
patterns. First, a few sets (typically 2 or 4 for real-time application) of
image pairs are obtained according to the differential phase contrast (DPC)
methods described at block 140 above. The numerical aperture (NA) of the
objective lens (which is a known quantity given an objective lens) defines a
special radius on the LED array plane.

[0082] Next, the rest of the images are taken with one or multiple LEDs
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outside of this radius that are turned on randomly using the methods
described at block 130 of FIG. 2 until all of the LEDs are covered.
Specifically, these images can be taken by either sequentially turning each
LED for an image or by turning on multiple selected LEDs for each image.

The reconstruction algorithm also combines the two algorithms in
these two methods. First, an initial reconstruction of the intensity and
phase is constructed by following the procedure described at block 140 of
FIG. 2. Next, the reconstruction algorithm that is described at block 130 is
applied to further refine the reconstruction results.

3D imaging techniques are crucial for thick samples and in situ
studies; however, high speed acquisition with high resolution remains a
challenging task. At block 160, an illumination scheme and reconstruction
algorithm is provided to achieve 3D wide field of view and high resolution
imaging, using the same data captured from the illumination methods at
block 130. As the random, non-random and combined reconstruction
methods can only apply to a 2D thin object, a method that can account for
the 3D effects is needed, especially for biomedical applications.

At block 160, only a single intensity image is captured for each angle
in this scheme. This is possible because data with angular diversity
provides both 3D information and phase contrast. The 2D phase of thin
samples can be computed from images taken at multiple illumination angles
because of asymmetry introduced in the pupil plane. All of these
approaches assume a thin sample. In thick samples, angle-dependent data
usually represents tomographic information. Here, instead of choosing
between either 2D phase imaging of thin samples or 3D recovery of thick
samples, the methods achieve both.

By placing the LED array sufficiently far above the sample so that
the illumination is considered spatially coherent, we can treat every LED's
ilumination as a plane wave from a unique angle. Sequentially turning on
each LED in the 2D array, while capturing images, therefore builds up a 4D
dataset of two spatial and two angular variables, similar to a light field

measurement.

-20-



10

15

20

25

30

WO 2015/179452 PCT/US2015/031645

For 3D samples, light field refocusing is intuitively understood as a
compensation for the geometric shift that occurs upon propagation. Off-
axis illumination causes the intensity to shift from its original position in the
plane of focus by a distance Ax = x;(Az/z;). With higher angles or larger
Az, the rays shift further across the plane. The slope of the line created by
each feature is determined by its depth, while the x location is defined by its
8, = 0 crossing. The light field refocusing routine undoes the shift and sums
over all angles to synthesize the intensity image.

However, diffraction and phase effects can cause the light to deviate
from the straight lines that are predicted by geometrical optics. While light
field refocusing corrects for geometric shifts, additional wave-optical effects
degrade the resolution with defocus. The algorithm starts from the light field
refocused result, which captures most of the energy redistribution. We then
iteratively estimate phase and diffraction effects. To achieve resolution
beyond the diffraction limit of the objective, dark field illumination from LEDs
at high angles is needed. For thin samples, each illumination angle shifts
the sample spectrum around in Fourier space, with the objective aperture
selecting out different sections. Thus, by scanning through different angles,
many sections of Fourier space are captured. These can be stitched
together with synthetic aperture approaches to create a high-resolution
image in real space. The caveat is that phase is required, which the Fourier
ptychography algorithm provides by performing translational diversity phase
retrieval in Fourier space.

When the sample is thick, each angle of illumination takes a different
path through the sample. Thus, the Fourier spectrum of each illumination
angle's exit field is different, but all of these data are interrelated by the
multi-slice model which we use here. Combining many angle-dependent
low resolution images can therefore still achieve enhanced resolution at all
slices, limited by the sum of the illumination and objective NAs.

A multi-slice forward model for image reconstruction at block 170
assumes that illumination from the n LED is a tilted plane wave fl(n)(r) =

exp(2mu, - r), where spatial frequency is related to illumination angle by
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u, = (sinB, /A, sinby ,/A) and A is wavelength. The field propagating
through the thick sample is modeled by a multi-slice approximation which
splits the 3D sample into a series of N thin slices, each having a complex
transmittance function o, (r) (m = 1,2,---,N), where r = (x,y) denotes the
lateral coordinates and m indexes the slices. As light passes through each
slice, the field is first multiplied by the 2D transmittance function of that
slice, then propagated to the next slice. The spacing between neighboring
slices is modeled as a uniform medium (e.g. air) of thickness Az,,. Thus,
the field exiting the sample can be calculated using a series of multiply-and-

propagate operations:

g (1) = o M (1)

£ (1) =, 8801}

where the superscript and subscript denote the indices of the LED and the
slice, respectively. f and g are the fields before and after each slice,
respectively, and p,{} = T‘lexp[—ZnAz\/m]}"{-} denotes
propagation by a distance Az, with F{-} and F~1{-} being the 2D Fourier
transform and its inverse, respectively. After passing through the thick
sample, the exiting complex-field is then imaged to the camera plane of the
microscope, a process which involves a low-pass filtering by the objectives
pupil function. The Fourier spectrum of the field at the camera plane
C™(u) is thus

C™ W) = G W)P(u)H(u),
where G™ (u) denotes the spectrum of the exit field from the last slice, P(u)

the pupil function including aberrations, and the term:

H(u) = exp(—2mAzy./ 1/A% — |u]?) is an additional defocus term assuming
the last slice is Azy distance away from the actual focal plane. The final

intensity image from the n LED illumination is:

1) = |[F{CO}D)|".

Using the multi-slice forward model, an iterative reconstruction
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routine is used which makes explicit use of the light field result as an initial
guess. Light field refocusing predicts the intensity image 15, at Az from the

actual focal plane to be:

A A
I (%y) = En 1V (X - an_izly ~Vn —.Z)'

Zj

where the coordinates of the n LED are defined by (x,, y,). Our initial guess
of the 2D transmittance function at the corresponding sample slice is then

0pz (%, Y) = {Ia(xy).

[0092] The estimate for the sample's intensity and phase at each slice, as
well as an estimate of the pupil function aberrations, are improved by an
iterative Fourier Ptychography reconstruction process, combined with a
multi-slice inversion procedure.

[0093] The reconstruction procedure aims to minimize the difference
between the actual and estimated intensity measurements in a least

squares sense:

2
i M (r) — COIWANE
oomin Ty 3 100 ~ [FEO0)|
[0094] At each iteration, the sample's transmittance function is updated for

each illumination angle as follows:

[0095] (1) Starting from the current guess of the multi-slice transmittance
function, our forward model is used to generate the current estimate of the
Fourier spectrum of the field at the camera plane C™ (u) when illuminating
with the n LED.

[0096] (2) c™(u) is updated by replacing the estimated intensity with the
. m)
actual measurement: C™W(u) = F1 {VI(H) Ig&“)il}’ where * denotes an

updated variable.
[0097] (3) The exit field's spectrum and pupil function are updated:
[y (w) = (G(n), P, C(n)/H, C(n)/H),
P(w) = (P,GW,c™W/H,C™/H).
[0098] Since the two functions come as a product, a gradient descent
procedure is used, described by ?7?, to separate the two updates. The
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procedure is general for updating any { from the product of its previous

estimate y with another function ¢, for example § = {¢:

J = B) = @ + QBB
LS AL A TR

where § is a regularization constant to ensure numerical stability. The
updated exit field g{” is then:

gV (1) = FTHG™Y().

[0099] (4) The field is back-propagated through the 3D sample, and the
following steps are repeated until the 15t slice. At the m slice, the
transmittance function of;‘) and the incident field fg‘) of this slice are

updated using the same procedure as (11):

o (1) = (o (.1 (1,25 (9,857 (0),
B = (520,08 (1,85 1), 85 1).

[00100] The updated exit field of the previous slice g%, is related to I\ by

back-propagation:

8™ () =_pp_, G0}

[00101] (5) At the 1t slice, the incident field is kept unchanged as the
original illumination: £ (r) = £™ ().

[00102] After looping through the images from each of the LEDs, the
convergence of the current sample estimate is checked by computing the
mean squared difference between the measured and estimated intensity
images from each angle. The algorithm converges reliably within only a few
iterations in all cases tested.

[00103] Though iterative methods like the one used here can get stuck in
local minima, the close initial guess provided by the light field result helps to
avoid this problem. Further, the data contains significant redundancy (4D
data for 3D reconstruction) and diversity (from angular variation), providing
a highly constrained solution space. Thus, when the estimate correctly
predicts the captured data and returns a good convergence criteria, one
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can be confident that the result is correct.

[00104] For data taken by turning on multiple LEDs, as they contain the same
Fourier space information as the single-LED case detailed at block 130, the
3D reconstruction can be achieved in one embodiment by first using the
method in block 130 to separate contributions from each of the LEDs, and
then using the 3D reconstruction method at block 160.

[00105] The immediate application for the underlying technology is to extend
the Fourier ptychography to 3D real-time wide field, high resolution
microscopy. This is achieved with an LED array illuminator and
computational algorithms, which could be implemented in all brightfield
research and general purpose microscopes. Potential applications include
whole slide imaging including 3D digital pathology, hematology,
immunohistochemistry and neuroanatomy, as well as 3D in vitro live cell
imaging including drug discovery, live cell mass profiling, disease diagnosis,
cancer cell biology and stem cell research.

[00106] The technology described herein may be better understood with
reference to the accompanying examples, which are intended for purposes
of illustration only and should not be construed as in any sense limiting the
scope of the technology described herein as defined in the claims
appended hereto.

[00107] Example 1

[00108] in order to demonstrate a random multiplexed illumination strategy,
where multiple randomly selected LEDs are turned on for each image, an
apparatus as schematically shown in FIG. 1 with a programmable LED
array was assembled. All samples were imaged with a 4x 0.1NA objective
and a scientific CMOS camera. A programmable 32x32 LED array
(Adafruit, 4mm spacing, controlled by an Arduino) was placed at 67.5mm
above the sample to replace the light source on a Nikon TE300 inverted
microscope. The central 293 red (central wavelength 629 nm and 20 nm
bandwidth) LEDs were used resulting in a final synthetic NA of 0.6. In
principle, the LED array could provide larger NA improvements, but it is
practically limited by noise in the dark field images from high angle LEDs.
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[00109] Since each LED corresponds to a different area of Fourier space, the

total number of images can be significantly reduced, without sacrificing
image quality. The method was demonstrated experimentally in a modified
commercial microscope. Compared to sequential scanning, the random
multiplexed strategy achieved similar results with approximately an order of
magnitude reduction in both acquisition time and data capture
requirements. The multiplexed illumination scheme is capable of reducing
both acquisition time and the number of images required by orders of

magnitude.

[00110] Two different multiplexing schemes were demonstrated in which

multiple LEDs from the array were turned on for each captured image. In
the first scheme, the same number of images are obtained as in a
sequential scan, but the exposure time for each is reduced, since turning on
more LEDs provides more light throughput. As long as the random patterns
are linearly independent, the resulting images can be interpreted as a linear
combination of images from each of the LEDs, implying that the data

contains the same information as in the sequential scan.

[00111] In the second multiplexing scheme, the total number of images were

substantially reduced. In this second scheme, a random coding strategy is
applied that is capable of significantly reducing the data requirements, since
each image now contains information from multiple areas of the sample's
Fourier space. To solve the inverse problem, we develop a modified Fourier
Ptychography algorithm that applies to both multiplexing situations.

[00112] For comparison, recovered high-resolution images were obtained

under three different coding strategies. The first strategy was sequential
scanning of a single LED across the full array, taken with a 2s exposure
time, resulting in a total acquisition time of T=586s. The coding matrix for
sequential scanning is written as the Nygp X Nigp identity matrix. Next, a
random multiplexed illumination with 4 LEDs on for each image (i.e. M = 4)
and a shorter exposure time (1s) was used. The reconstruction result with

the same number of images as the sequential scan N;,,, = 293 was

obtained. As expected, the same resolution enhancement is achieved with
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half the acquisition time. Finally, the partial measurement scheme in which
the total number of images is reduced by a factor of 4 was evaluated. This
procedure cut the number of images used in the reconstruction to 74 and
the total time to 74s, without sacrificing the quality of the result.

[00113] The same multiplexing illumination scheme was also tested on a

stained biological sample. Amplitude and phase reconstructions from
sequential FP with N;,, = 293 single LED images and a total acquisition
time of T=586s were produced. During post-processing, the final image
was computed in 200x200 pixel patches. The background is estimated for
each dark field image by taking the average intensity from a uniform region
of the sample. FP reconstructions are compared with the different
ilumination schemes. The sequential scan is the same as previously used,
but the multiplexed measurement now uses 8 LEDs (i.e. M = 8). The
reduced measurement is demonstrated in the second case with only 40
images used, corresponding to approximately 1/8 of the data size in a full

sequential scan, and reducing the total acquisition time by a factor of 14.7.

[00114] By exploiting illumination multiplexing, it was demonstrated that both

the acquisition time and the data size requirements in Fourier Ptychography
could be significantly reduced. An approximately 2 mm field of view with a
0.5 uym resolution was achieved, with data acquisition times reduced from
~10 minutes (for sequential scanning) to less than 1 minute. The data

capture was reduced from 293 images to only 40 images.

[00115] One reason that the number of images that are taken can be

reduced with the multiplexing scheme (vs. sequential capture) is that each
image contains information from multiple non-overlapping areas of Fourier
space. Due to the nonlinear nature of the reconstruction algorithm,
convergence of the algorithm may be difficult to optimize for a given coding
strategy. The illumination patterns used in the procedure follow a random
coding scheme that successfully reduced the required number of images.
Since light from different LEDs are mutually incoherent, illuminating with
multiple LEDs means that each image has reduced spatial coherence.
Thus, the diffraction fringes which often cause high dynamic range
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variations are smoothed out due to the reduced coherence.

[00116] Example 2

[00117] To demonstrate the non-random illumination methods, an LED array
microscope with a 32x32 custom-made LED array (4 mm spacing, central

5 wavelength 513 nm with 20 nm bandwidth) placed 63 mm above the
sample was used to replace the microscope's standard illumination unit.
The LED array was controlled by an ARM microcontroller and synchronized
with the camera to switch the LED patterns at camera-limited speed. The
camera operated at 50 Hz with full-frame (2160 x 2560) 16 bit images

10 allowing single-axis DPC measurements at 25 Hz. Example images all
used Hela cell samples imaged by a 20x 0.4 NA objective.

[00118] The phase transfer function can be tuned by using different
ilumination patterns. DPC is commonly implemented with half-circle shape
ilumination patterns. DPC requires illumination from high angles for good

15 phase recovery at all spatial frequencies. As the illumination NA increases
(measured by the coherence parameter o), additional low spatial frequency
and high spatial frequency phase information is captured. When a half-
circle source with o < 1 is used, spatial frequencies below (1 — 6)NAy,; /A
and above (1 + o)NA,,;/A are missing.

20 [00119] It has been shown that phase reconstructions from a single-axis are
fundamentally limited by the missing frequencies along the axis of
asymmetry. Single-axis DPC with Top-Bottom source asymmetry results in
missing vertical features, while Left-Right source asymmetry results in
missing horizontal features.

25 [00120] Combining DPC measurements along two different axes eliminates
the missing frequencies and thus improves the phase reconstruction.
However, as more angles are added, the transfer function changes only
marginally. The combined phase transfer function for 12 equally spaced
DPC measurements (i.e. at every 15 °) is almost circularly symmetric, which

30 provides only slight improvement in the phase reconstruction over the 2-
axis result. As a result, DPC measurements from two orthogonal axes

provide the best trade-off between phase reconstruction accuracy over
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acquisition speed.

[00121] Additionally, the phase transfer function captures spatial frequencies
up to twice the NA of the objective when we use a half-circle source with
o > 1. Interestingly, DPC with half-annular source provides improved
contrast for low frequency features, maintaining the maximum partially
coherent bandlimit without sacrificing high spatial frequency response.

[00122] Accordingly, the 2D transfer function analysis and quantitative phase
reconstruction method was confirmed for differential phase contrast using
partially coherent asymmetric illumination. Images are captured in an LED
array microscope, which is particularly attractive for commercial
microscopy, since it can achieve illumination pattern switching at camera-
limited speeds. The method is also label-free and stain-free, so has
application in biological imaging of live samples. This phase transfer
function analysis and reconstruction technique may also find use in its
application to alternative DPC architectures based on split-detectors.

[00123] Example 3

[00124] To further demonstrate the operational principles of the methods, a
system of an inverted microscope with a programmable 32 x 32 individually
addressable LED array to pattern illumination angles was assembled.

[00125] All LEDs were driven statically using 64 LED controller chips
(MBI5041) to provide an independent drive channel for each LED. A
controller unit based on the ARM 32-bit Cortex M3 CPU provides the logical
control for the LED array by the I°C interface at 5 MHz. The LED pattern
transfer time is about 320 us. A standard stage-mounted incubator was
used for imaging live cell samples in a petri dish.

[00126] For specimens, Hela cells, Human osteosarcoma epithelial (U20S)
cells and human mammary epithelial (MCF10A) cells were cultured with
DMEM (Dulbeccos Modified Eagles Medium) supplemented with 10% FBS
(fetal bovine serum), Glutamine and penicillin/streptomycin. The cells were
plated on p75 flasks and cultured in 37 degree incubator with 5% CO..

[00127] The random, non-random and combined illumination strategies were

implemented and compared in terms of space, bandwidth and acquisition
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time. DPC uses only 4 images, providing resolution out to 2x the
objective’'s NA and excellent temporal resolution. Here, two different
objectives (4% and 20x) were used for different situations, in order to trade
off field of view and resolution within the limited space-bandwidth product
(SBP). Sequential FPM scans through each LED, achieving both wide
field of view and high resolution, at the cost of speed. Fast FPM implements
a hybrid of DPC and 8-LED multiplexing in order to achieve the same SBP
as sequential FPM, with sub-second acquisition time.

[00128] lllumination and image reconstruction and can be described in two

steps. In the first step, a low resolution initialization based on DPC is
calculated. In the second step, an iterative reconstruction procedure was
implemented to include the higher order scattering and dark field
contributions. For sequential FPM, the 4 images required by DPC are first
numerically constructed by taking the sum of single-LED images
corresponding to the left, right, top, bottom half-circles on the LED array,
respectively. Next, the deconvolution-based DPC reconstruction algorithm
was used to calculate phase within a 2x objective’s NA. For Fast Fourier
ptychographic microscopy, the 4 brightfield images are directly used in DPC
reconstruction. In both cases, the initial low resolution intensity image is
calculated by the average of all brightfield images corrected by the intensity

falloffs and then deconvolved by the absorption transfer function.

[00129] During the reconstruction, each full FOV raw image (2560x2160

pixels) is divided into 6x5 small sub-regions (560x560 pixels), with 160-
pixel overlap on each sides for the neighboring sub-regions. Each set of
images were then processed by our FPM algorithm to create a high
resolution complex-valued reconstruction having both intensity and phase
(2800%2800 pixels). Finally, all high resolution reconstructions were
combined using the alpha-blending stitching method to create the full FOV

high resolution reconstruction.

[00130] Image segmentation was performed by using Cellprofiler. The

software performs a series of operations including threshold, watershed,
and labeling to return a 2D map from each frame of phase reconstruction

-30-



WO 2015/179452 PCT/US2015/031645

containing segmented regions, representing different cells. The 2D maps
are then loaded into Matlab to extract the phase value within each
individual cell of interest. The total dry mass for each cell was then

calculated as the surface integral of the dry mass density.

5 [00131] The dry mass density p is related to the phase ¢ byp =2L(p , where A
my

is the center wavelength and y = 0.2 m L/g is the average reported values
for refractive increment of protein. The background fluctuations are
characterized from a region without any cells and having an area similar to
the average cell size. A standard deviation of 1.5pg in units of dry mass

10 was achieved, indicating good stability of the phase measurement.

[00132] Since the Fast FPM method exploits multiplexing to reduce the
number of images needed, it is possible to capture longer video sequences
without incurring data management issues. Hence, videos of both fast-scale
dynamics and slow-scale evolution of NSCs with details both on the sub-

15 cellular level and across the entire cell population can be created.

[00133] FPM reconstructions for human osteosarcoma epithelial (U20S)
cells, before and after staining were compared. With staining, the cell
features were easily discerned in both the intensity and phase
reconstructions, achieving a 0.7 NA resolution across a 4x FOV. A

20 conventional (small FOV) brightfield image captured with a 40x (0.65 NA)
objective and spatially coherent illumination was used for comparison.
Although the stained sample can be visualized with intensity, it still contains
phase effects, proportional to the shape and density of the cells. In the
unstained case, the intensity images contained very little contrast.

25 [00134] Time-lapse videos of human cervical adenocarcinoma epithelial
(HelLa) cell division process were taken over the course of 4 hours. This
data was captured using the sequential FPM methods (173 images) with
upgraded hardware, achieving a 0.8 NA resolution across a 4x FOV with 7
second acquisition time for each frame.

30 [00135] Videos of the reconstructed high SBP phase results of adult rat
neural stem cells (NSC) that were also captured at sub-second acquisition
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speed (1.25 Hz) for fast dynamics and across long time scales (up to 4.5
hours) for slower evolutions. The result achieves the same SBP as in the
previous section (0.8 NA resolution across a 4x FOV), but uses only 21
images, as opposed to 173. As a result, it is possible to significantly
increase the maximum frame rate, from a capture time of 7 seconds down
to just seconds, alleviating motion artifacts that would otherwise blur the
result due to sub-cellular fast dynamics that happen on timescales shorter
than 7 seconds.

[00136] The human mammary epithelial (MCF10A) cells exhibited the fastest
dynamics observed, due to fluctuations of small fibers and vesicle transport
events. The HelLa and NSCs used in previous sections tend to display
somewhat slower sub-cellular dynamics and are more suited to the Fast
FPM timescale procedure.

[00137] Using the sequential FPM method with 60 second capture time,
almost no details about the fiber structures are retained. Even with a faster
hardware setup, requiring only 7 seconds acquisition time, the fibers were
also completely blurred out. By switching to the Fast FPM, it was possible
to obtain the same SBP as the previous two schemes, but with only 0.8
seconds acquisition time. Now, fiber details and other moving structures
become more discernible.

[00138] The flexibility of the system in trading off FOV, resolution and time
means that procedures can be tailored to the sample motion and desired
SBP. For most biological dynamics, a sub-second acquisition time is
sufficient, and thus the Fast FPM design is a good choice for maximizing
the space-bandwidth-time product without producing motion blur artifacts.
However, when dynamics are on timescales faster than 0.8 seconds, one
should reduce the number of images captured, either by sacrificing FOV
(using a larger NA objective) or by reducing the resolution improvement
factor (using a smaller range of LEDs). In the limit, one can eliminate all the
dark field LED images and simply implement DPC.

[00139] Example 4

[00140] in order to further demonstrate the technology, the methods were
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adapted to 3D imaging techniques that can be used for studying thick
samples and for in situ studies. The experimental setup included a 32x32
custom-made LED array (4mm spacing, central wavelength A = 643 nm
with 20 nm bandwidth) placed z;gp = 74 mm above the sample, replacing
the microscope's standard illumination unit (Nikon TE300 inverted). The
LED array was controlled by an ARM microcontroller and synchronized with
the camera to scan through the LEDs at camera-limited speeds. The
camera was capable of 100 frames per second at full frame (2560 x 2160
pixels) and with 16 bit data, though longer exposure times were used for
dark field images. Thus, acquisition time can be easily traded off for image
quality or resolution. Each LED has a d =120um x 120um square emitting
area, resulting in an illumination coherence area of A, =400um X 400um
(according to the van Cittert-Zernike theorem, A. = Az;gp/d). The image
was reconstructed in patches that had an area smaller than the coherence
area. The final full field of view reconstruction was obtained by stitching all

patches together.

{00141] Initially, improvement over light field refocusing with a 10x objective

(0.25 NA) was demonstrated using only the brightfield LEDs. This
corresponds to a 69 LED circle at the center of our array. The two-slice test
sample consisted of two resolution targets, one placed above the focal
plane and the other placed below the focal plane and rotated relative to the
first one. The reconstructions from light field refocusing and our multi-slice
method with images captured from physical focus (with all the brightfield
LEDs on) were compared. The resolution in the physically refocused
images is 0.78um, however the light field refocused image could not resolve
such small features, due to diffraction blurring. Multi-slice reconstructions
with a two-slice model, however, could recover diffraction-limited resolution
at both depths, providing significant improvement over the light field

refocused result.

{30142} Since this result represents the sample transmittance function, out-

of-plane blur from the other resolution target was largely removed, unlike in

physical focusing. In addition, the results had better high-frequency
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contrast. This was because the physically focused images were taken with
all brightfield LEDs on, so the incoherent optical transfer function (OTF)
implied a 2x larger frequency cutoff than the coherent case, but with
decreased response at higher spatial frequencies. In our result, a coherent
transfer function (CTF) is synthesized, which has a uniform frequency
response within the passband.

$00143] Next, multi-slice Fourier Ptychography was demonstrated for

obtaining resolution beyond the objective's diffraction limit by including dark
field LEDs up to 0.41 illumination NA. To do this, to a 4x objective (0.1 NA)
was used with the method to recover lateral resolution with an effective NA
of 0.51 and a resolution of 0.69um (5 times better NA than the objective), as
expected. The added benefit is that the field-of-view (1.8mm x 2.1mm) of
the 4x objective is bigger, resulting in a large volume reconstruction. The
physically focused images demonstrated significant out-of-plane blur, since
the small NA provides large depth of field (DoF). In comparison, the multi-
slice reconstruction successfully mitigated most of this blur, resulting in a
clean image at each depth.

{00144} Finally, the method was demonstrated on a continuous thick

Spirogyra algae sample having both absorption and phase effects. The 10x
objective (0.25 NA) with LEDs was used that provide a best possible lateral
resolution of 0.59um (Rayleigh criteria with effective NA 0.66). The sample
had a total thickness of ~100um, which was split up into 11 slices spaced
by 10um, representing a step size midway between the axial resolution of
the objective and the predicted axial resolution. Though the sample is
continuous through the entire depth range, the multi-slice method
recovered slices that only contain parts of the sample within the axial
resolution range around each corresponding depth.

{00145] Accordingly, the method for multi-slice 3D Fourier Ptychography that

recovers 3D sample intensity and phase with resolution beyond the
diffraction-limit of the microscope objective that was demonstrated. The
method is label-free and stain-free and can have a wide application in

biological imaging of live samples.

-34-



10

15

20

25

30

WO 2015/179452 PCT/US2015/031645

[00146] From the discussion above it will be appreciated that the technology
described herein can be embodied in various ways, including the following:
1. A method for Fourier ptychographic microscopy, the method comprising:
(a) providing a light emitting diode (LED) array microscope with a
programmable array of light emitting diodes; (b) illuminating a sample with a
multiplexed sequence of illuminations of LEDs in the array; (c) acquiring
images of the sample from each illumination in the sequence; and (d)
reconstructing a final image from the acquired images.

[00147] 2. The method of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises actuating multiple
randomly selected LEDs for each acquired image.

[00148] 3. The method of any preceding embodiment, further comprising:
actuating individual randomly selected LEDs in the array only once in the
sequence of LED illuminations.

[00149] 4. The method of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises a differential phase
contrast (DPC) sequence.

[00150] 5. The method of any preceding embodiment, wherein the
differential phase contrast sequence comprises an asymmetric actuation of
groups of LED lights at the top, bottom, left side and right side of the LED
array; and wherein quantitative phase and intensity images within and
beyond the numerical aperture of the objective lens are recovered.

[00151] 6. The method of any preceding embodiment, wherein the groups of
LED lights have a shaped pattern selected from the group of shaped
patterns consisting of a half-circular shape with arbitrary outer radii; a half-
annulus shaped pattern with arbitrary inner and outer radii, an arch-shaped
pattern with arbitrary inner and outer radii and subtending angles; and pie
shaped patterns with arbitrary subtending angles.

[00152] 7. The method of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises: illuminating the sample

with a differential phase contrast (DPC) sequence of illuminations; and

-35-



10

15

20

25

30

WO 2015/179452 PCT/US2015/031645

iluminating the sample with multiple randomly selected LEDs of the array.

[00153] 8. The method of any preceding embodiment, further comprising:
iluminating the sample at angles of illumination greater than that allowed by
the numerical aperture (NA) of the objective lens to produce darkfield
images contain sub-resolution feature information.

[00154] 9. The method of any preceding embodiment, further comprising:
acquiring 4D light field measurements; and recovering 3D intensity and
phase data from the 4D light field measurements; reconstuct a 3D image.

[00155] 10. A method for Fourier ptychographic microscopy, the method
comprising: (a) providing a light emitting diode (LED) array microscope with
a programmable array of light emitting diodes; (b) illuminating a sample with
a multiplexed sequence of illuminations of LEDs in the array;(c) acquiring
images of the sample from each illumination in the sequence; (d)
iluminating the sample at angles of illumination greater than that allowed by
the numerical aperture (NA) of the objective lens to produce darkfield
images; (e) recovering 3D intensity and phase data; and (f) reconstructing a
final 3D image from the acquired images and 3D intensity and phase data.

[00156] 11. The method of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises actuating multiple LEDs
selected randomly for each acquired image.

[00157] 12. The method of any preceding embodiment, further comprising:
actuating individual randomly selected LEDs in the array only once in the
sequence of LED illuminations.

[00158] 13. The method of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises a differential phase
contrast (DPC) sequence.

[00159] 14. The method of any preceding embodiment, wherein the
differential phase contrast sequence comprises an asymmetric actuation of
groups of LED lights at the top, bottom, left side and right side of the LED
array; and wherein quantitative phase and intensity images within and
beyond the numerical aperture of the objective lens are recovered.

[00160] 15. The method of any preceding embodiment, wherein the
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multiplexed sequence of illuminations comprises: illuminating the sample
with a differential phase contrast (DPC) sequence of illuminations; and
iluminating the sample with multiple randomly selected LEDs of the array.

[00161] 16. A system for performing Fourier ptychographic microscopy,
comprising: (a) a microscope with a programmable LED array light source;
(b) a camera configured o capture images from the microscope; (C) a
computer processor operably coupled to the LED array and the camera;
and (d) a memory storing instructions executable on the computer
processor, wherein when executed by the computer processor said
instructions perform steps comprising: (i) controlling LEDs in the array and
ilumination of a sample with multiplexed sequences of illuminations; (ii)
acquiring images of the sample from each illumination in the sequence;
and (iii) reconstructing a final image from the acquired images.

[00162] 17. The system of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises actuating multiple
randomly selected LEDs for each acquired image.

[00163] 18. The system of any preceding embodiment, wherein the
individual randomly selected LEDs in the array are actuated only once in
the sequence of LED illuminations.

[00164] 19. The system of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises a differential phase
contrast (DPC) sequence.

[00165] 20. The system of any preceding embodiment, wherein the
multiplexed sequence of illuminations comprises: illuminating the sample
with a differential phase contrast (DPC) sequence of illuminations; and
iluminating the sample with multiple randomly selected LEDs of the array.

[00166] Although the description herein contains many details, these should
not be construed as limiting the scope of the disclosure but as merely
providing illustrations of some of the presently preferred embodiments.
Therefore, it will be appreciated that the scope of the disclosure fully
encompasses other embodiments which may become obvious to those
skilled in the art.

-37-



WO 2015/179452 PCT/US2015/031645

[00167] In the claims, reference to an element in the singular is not intended
to mean "one and only one" unless explicitly so stated, but rather "one or
more." All structural, chemical, and functional equivalents to the elements
of the disclosed embodiments that are known to those of ordinary skill in
the art are expressly incorporated herein by reference and are intended to
be encompassed by the present claims. Furthermore, no element,
component, or method step in the present disclosure is intended to be
dedicated to the public regardless of whether the element, component, or
method step is explicitly recited in the claims. No claim element herein is to
be construed as a "means plus function" element unless the element is
expressly recited using the phrase "means for". No claim element herein is
to be construed as a "step plus function" element unless the element is
expressly recited using the phrase "step for".
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CLAIMS
What is claimed is:

1. A method for Fourier ptychographic microscopy, the method
comprising:

(a)  providing a light emitting diode (LED) array microscope with a
programmable array of light emitting diodes;

(b) iluminating a sample with a multiplexed sequence of illuminations of
LEDs in the array;

(c) acquiring images of the sample from each illumination in the
sequence; and

(d) reconstructing a final image from the acquired images.

2. The method as recited in claim 1, wherein said multiplexed
sequence of illuminations comprises actuating multiple randomly selected LEDs

for each acquired image.

3. The method as recited in claim 2, further comprising:
actuating individual randomly selected LEDs in the array only once in said

sequence of LED illuminations.

4. The method as recited in claim 1, wherein said multiplexed
sequence of illuminations comprises a differential phase contrast (DPC)

sequence.

5. The method as recited in claim 4, wherein said differential phase
contrast sequence comprises an asymmetric actuation of groups of LED lights at
the top, bottom, left side and right side of the LED array; and wherein quantitative
phase and intensity images within and beyond the numerical aperture of the
objective lens are recovered.
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6. The method as recited in claim 4, wherein said groups of LED lights
have a shaped pattern selected from the group of shaped patterns consisting of a
half-circular shape with arbitrary outer radii; a half-annulus shaped pattern with
arbitrary inner and outer radii, an arch-shaped pattern with arbitrary inner and outer
radii and subtending angles; and pie shaped patterns with arbitrary subtending

angles.

7. The method as recited in claim 1, wherein said multiplexed
sequence of illuminations comprises:

iluminating the sample with a differential phase contrast (DPC) sequence
of illuminations; and

iluminating the sample with multiple randomly selected LEDs of the array.

8. The method as recited in claim 1, further comprising:
iluminating the sample at angles of illumination greater than that allowed by the
numerical aperture (NA) of the objective lens to produce darkfield images contain

sub-resolution feature information.

9. The method as recited in claim 1, further comprising:
acquiring 4D light field measurements; and
recovering 3D intensity and phase data from the 4D light field measurements;

reconstuct a 3D image.

10. A method for Fourier ptychographic microscopy, the method
comprising:

(a)  providing a light emitting diode (LED) array microscope with a
programmable array of light emitting diodes;

(b) iluminating a sample with a multiplexed sequence of illuminations of
LEDs in the array;

(c) acquiring images of the sample from each illumination in the

sequence,
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(d) iluminating the sample at angles of illumination greater than that
allowed by the numerical aperture (NA) of the objective lens to produce darkfield
images;

(e)  recovering 3D intensity and phase data; and

() reconstructing a final 3D image from the acquired images and 3D

intensity and phase data.

11.  The method as recited in claim 10, wherein said multiplexed
sequence of illuminations comprises actuating multiple LEDs selected randomly

for each acquired image.

12. The method as recited in claim 11, further comprising:
actuating individual randomly selected LEDs in the array only once in said

sequence of LED illuminations.

13. The method as recited in claim 10, wherein said multiplexed
sequence of illuminations comprises a differential phase contrast (DPC)

sequence.

14. The method as recited in claim 13, wherein said differential phase
contrast sequence comprises an asymmetric actuation of groups of LED lights at
the top, bottom, left side and right side of the LED array; and wherein quantitative
phase and intensity images within and beyond the numerical aperture of the

objective lens are recovered.

15.  The method as recited in claim 10, wherein said multiplexed
sequence of illuminations comprises:

iluminating the sample with a differential phase contrast (DPC) sequence
of illuminations; and

iluminating the sample with multiple randomly selected LEDs of the array.
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16. A system for performing Fourier ptychographic microscopy,
comprising:

(@) a microscope with a programmable LED array light source;

(b)  acamera configured 1o capture images from the microscope;

(c) a computer processor operably coupled to the LED array and the
camera;

(d) amemory storing instructions executable on the computer
processor, wherein when executed by the computer processor said instructions
perform steps comprising:

(i) controlling LEDs in the array and illumination of a sample with
multiplexed sequences of illuminations ;

(ii) acquiring images of the sample from each illumination in the
sequence; and

(iif)  reconstructing a final image from the acquired images.

17.  The system as recited in claim 16, wherein said multiplexed
sequence of illuminations comprises actuating multiple randomly selected LEDs

for each acquired image.

18.  The system as recited in claim 17, wherein said individual randomly
selected LEDs in the array are actuated only once in said sequence of LED

illuminations.

19.  The system as recited in claim 16, wherein said multiplexed
sequence of illuminations comprises a differential phase contrast (DPC)

sequence.

20. The system as recited in claim 16, wherein said multiplexed
sequence of illuminations comprises:

iluminating the sample with a differential phase contrast (DPC) sequence
of illuminations; and

iluminating the sample with multiple randomly selected LEDs of the array.
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