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Abstract—Quantitative phase imaging (QPI) is an emerging
label-free modality that attracts significant interest in biomedicine
in general and neuroscience in particular. Based on the principle of
interferometry, QPI precisely maps the optical pathlength induced
by the sample, and, thus, can visualize extremely transparent sam-
ples. The QPI field has grown rapidly in the past decade, and
reliable instruments have been developed for in-depth biological
studies. One particular figure of merit associated with QPI tech-
niques describes the temporal phase sensitivity of instruments. Re-
cently, several common path interferometry methods have been de-
veloped, which yield high stability and nanometer scale pathlength
sensitivity. In neuroscience, QPI has shown unique capabilities in
quantifying neural growth and dynamics in cell cultures, as well
as high contrast imaging of brain tissue slices. In this paper, we re-
view the principles of QPI, novel QPI technology, advances in data
processing, and a number of exciting applications in neuroscience.

Index Terms—Biomedical optical imaging, microscopy, phase
measurement, neuroscience, quantitative phase imaging.

1. INTRODUCTION

HE phase change of an optical field as it interacts with a
T specimen is a valuable contrast mechanism, as it allows
the study of unlabeled transparent specimen [1]. Zernike’s phase
contrast microscope uses these phase differences to visualize
fine structures in weakly absorption objects, without exogenous
labeling [2], [3]. Gabor proved later the possibility of storing
complex field information, which can be subsequently used to
reconstruct the image of an object of interest [4], [5]. Built
upon these pioneering ideas, quantitative phase imaging (QPI)
emerges as an exciting imaging modality that accurately reports
on both the thickness and the refractive index of the sample of
interest. Over the past decade, a number of novel QPI platforms
were developed to improve the resolution and sensitivity both
in time and space, which enable a range of applications, from
dynamics of single cells, medical diagnosis, and neuroscience
studies [6]—[11]. In this article, we review the progress of QPI
instruments, and recent applications in neuroscience.
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II. QPI PRINCIPLE

In a typical transmission microscopy system, the image field
as a function of space and time can be expressed as

Ui (z,y,t) = |U; (z,y)] e 1@t =Mrey)] (1)

In Eq. 1, |U;(x,y)| the magnitude of the field, (w) the central
frequency, (k) the central wavevector, r the spatial coordinates,
o(z,y) = 2&[ii(x,y) — nolh is the phase of the interest [12],
A the central wavelength, n the axial average refractive index
across the field of view (FOV), n( the background refractive in-
dex, and 4 the thickness of the interest of study. A conventional
photodetector is only sensitive to the intensity of the field, i.e.,
the modulus squared of the field is obtained. QPI is essentially
interested in extracting ¢ and it borrows ideas from interferom-
etry and holography to achieve this goal. In QPI, a reference
field, Ug, is introduced to mix with image field, and, as a result,
the camera detects the interference of the combined field, which
is written as

I(z,y,t) = |U; (z,y)]> + [Ur|®
+2|U; (2, y)| |Ur| cos [(w) (t — tr)
—((k) —kr) -t + @ (z,y)] 2)

where tg and kp are the time delay and wavevector associated
with the reference field, respectively, composing the two main
QPI configurations, as follows. Off-axis QPI system uses a kp
different than the direction of image filed, while the phase-
shifting QPI modulates the tg (Fig. 1). The methods of obtaining
 are discussed below.

In off-axis geometry, the sample and slightly titled reference
fields go through different paths and recombine at the image
plane and form an interferogram on the detector (Fig. 1a). The
spatial irradiance associated with the interferogram, I(x, y), is
given by

I(z,y) = |Ui (x,9)]" + |Ur|*
+2|U; (x,y)| |Ur| cos [Akx 4+ ¢ (z,y)]  (3)

where Ak = |(k) — kpg| is the magnitude of the wavevector
difference between the image and reference field, which is as-
sumed to be along the x-axis and acts as the carrier frequency.
After isolating the cosine term from the raw interference using
the Fourier transform, the corresponding sine component can be
calculated via a Hilbert transform, as

cos[Aka’ + o (a,y)]
x—x

dr'. (4

sin [Akx + ¢ (x,y)] = P/
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Fig. 1. Two main QPI configurations. (a) Off-axis tilts the propagation axis of
the reference field to produce an interference pattern so that the phase shift due
to the specimen is obtained from a single image. (b) In Phase shifting QPI, the
reference field propagates along the same axis as the object field. The phase of
the reference field is successively shifted by 7/2 to produce four images, which
are combined to extract the phase shift induced by the specimen.

As a result, Akx + ¢(x,y) is extracted from the complex
analytical field, exp[i(Akx + ¢(x,y))]. The phase map of
interest, ¢, is eventually retrieved by subtracting Akz, which
is the tilted plane with a slope of Ak. As one can see, off-axis
method reconstructs a phase map from one raw measurement,
therefore, in theory, the speed of this imaging modality is only
limited by the photodetector.

By using a translating mirror or other mechanisms to intro-
duce additional phase delay between sample and reference light,
phase-shifting type of QPI records a collection of images to re-
trieve the associated phase (Fig. 1b). The image irradiance at
the camera takes the form as

I(x’yaé) = |U1 (337:'-/)‘2 + |UR‘2
+ 2|U; (2, y)| |Ur| cos [¢ (x,y) + 6]  (5)

where § = (w)(t — tr). Using a modulated phase delay, each
with an increment of 7/2, a phase map can be reconstructed
from a collection of 4 intensity images,

o (z,y) =
arctan 2 |I (z,y;0)—1 (z,y;m), I (x,y;—g) —I (x,y; g)] .
(6)

In Eq. 6, arctan? is a Matlab syntax as the argument function,
which is defined as

arctan (y/z),x > 0

w/2,x =0,y >0

—7/2,2 =0,y >0

7+ arctan (y/z),z < 0,y <0

(N

arctan 2 (z,y) =

From another point of view, light traveling path is another
way to categorize QPI systems. In common-path methods, as
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Fig. 2. Schematic of DPM. (a) DPM is off-axis, common-path module at-
tached to a conventional bright-field microscope. (b) The sample and reference
field is created by spatial filtering at the Fourier plane. (c) A raw interferogram
and (d) its corresponding optical pathlength map. Adapted with permission from
Ref. [15].

oppose to non-common path, the sample and reference fields
propagate in the same optical path or in vicinity to each other.
The two interference beams experience the same disturbance
in background, and as a result, the background noise is greatly
canceled out in the measured interferogram, which significantly
improves the temporal-phase stability.

III. RECENT ADVANCES IN INSTRUMENTATION
A. Off-Axis Methods

One of the early demonstrations of common-path, off-axis
QPI is called diffraction phase microscopy (DPM), which is
realized by attaching an additional module to the camera port
of an existing microscope system (Fig. 2) [13]. At the output
of a bright-field microscope, a transmission grating is placed
at the image plane, and then multiple diffraction orders are
produced with each containing the full spatial information about
the sample. All diffraction orders are blocked, except the 0™ and
1%t order beam. At the Fourier plane, using a physical pinhole or a
spatial light modulator (SLM), one diffraction beam is spatially
low passed to create a DC reference field, while it leaves the
other beam intact to form the sample field (Fig. 2b). After the
second Fourier lens, the two beams recombine and form an
interferogram on the detector, where the fringes, in some level,
are perturbed by the phase delay of the interest (Fig. 2c). Finally,
a phase map is reconstructed as shown in Fig. 2d [14].

Depended on the illumination power and the detector quality,
this system can run as fast as several hundred frames/second. In
authors’ lab, by incorporating CUDA parallel computing archi-
tecture, a real-time DPM reconstructing and displaying system
was demonstrated, which achieved a speed as fast as 40 frames/s
[16]. In addition, this stand-alone module is also compatible
with reflection measurement, which enables imaging topolog-
ical structures of reflective surfaces, such as semiconductors
[17]-[19]. Finally, by modulating the wavelength of illumina-
tion, spectroscopic off-axis method has the potential of pro-
viding chemical or functional information about the specimen
[20]-[22].
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Fig. 3. Schematic of a MISS module. MISS utilizes a GRIN lens to produce
a magnified image of 0" diffraction beam. And the reference field fully covers
the camera plane. Adapted with permission from Ref. [23].

Built upon the principle of DPM, a magnified image spatial
spectrum (MISS) microscopy technique was recently invented
[23], which further pushes the limit of the imaging speed. Fig-
ure 3 shows the schematic of the MISS module. Instead of using
a pinhole, MISS adapts a gradient index (GRIN) lens, L3, with
a very short focal length to manipulate the Oth diffraction beam,
where the Fourier plane is located at the GRIN lens’s front focal
plane. Ls and Ly form another 4-f system and enlarge the image
of O diffraction beam with a magnification factor of 500, and
this makes the camera only detects the DC component of the 0
order beam as the reference field. In other words, the camera
itself plays the role of a low-pass filter, which eliminates the
necessity of aligning the micrometer-size pinhole. Furthermore,
the authors show that MISS design provides comparable perfor-
mance to a DPM system, but can run at a speed as fast as 833
frame/s, making it possible to study fast dynamic phenomena in
live samples.

B. Phase-Shifting Methods

Spatial light interference microscopy (SLIM) [24], [25] is a
typical common-path, phase-shifting QPI system. Based on an
existing Zernike microscope, SLIM combines the phase contrast
method by revealing intrinsic contrast of transparent samples,
with Gabor’s holography by obtaining quantitative phase value
across the sample. A system schematic of SLIM is shown in Fig-
ure 4. At the output of a phase contrast microscope, two Fourier
Lens, L1 and L2, compose a 4-f system and relays the image
plane to the CCD deter plane. A liquid crystal phase modula-
tor (LCPM) is placed at the back focal plane of L1 to provide
additional phase shift between scattered (sample) field and un-
scattered (reference) field, by increments of 7/2. The projected
pattern on LCPM is precisely calculated to match the size and
position of the phase ring in the objective. As a result, 4 intensity
images, each with a different delay, are acquired, and then the
phase delay is uniquely determined using Eq. 6. Employing a
broadband white light as the illumination source, SLIM provides
speckle-free phase maps, with exceptional high sensitivity and
stability. Unlike DPM using grating to produce interferograms,
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Fig. 4. System schematic of SLIM. The SLIM module, outside of a phase
contrast microscope, provides additional phase delay between scattered and
unscattered light. As a result, 4 intensity images with different phase delay are
collected to produce one correspond quantitative phase image. Adapted with
permission from Ref. [26].

GLIM optical setup

Fig. 5. Principle of GLIM. (a) GLIM works as an add-on module attached
to the output of a DIC microscope. The SLM unit shifts the phase of one
polarization component, while the other remains intact. (b) 4 intensity images,
each with different phase delay, are recorded, and a quantitative phase gradient
map is extracted in (c). Adapted with permission from Ref. [27].

SLIM enables multimodal investigation (including fluorescent)
by switching different LCPM patterns.

More recently, a novel label-free method, referred to as gradi-
ent light interference microscopy (GLIM), has been developed
in authors’ lab [27]. Instead of using a Zernike microscope,
GLIM combines the differential interference contrast (DIC)
microscopy with low coherence microscopy and holography
(Fig. 5). In GLIM, the two interfering fields are identical except
for a small transverse shift. This geometry ensures that the two
fields suffer equal degradation due to multiple scattering. By
accurately controlling the phase shift between the two waves, 4
intensity images are obtained, each containing same phase infor-
mation but a different phase delay. As a result, GLIM produces
a clear gradient phase map that rejects much of multiple scat-
tering, which is suitable to image thick samples. Furthermore,
using fully open condenser, GLIM proves it strong sectioning
and resolution capabilities.

IV. APPLICATIONS

Accompanied by the advances in system design, QPI field
rapidly grows and it has become a remarkable imaging modal-
ity, especially suitable to study biological samples. Due to its
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capabilities of label-free imaging, high sensitivity and stability,
and quantitative information, it can be used to probe the struc-
tures and functions at different levels. In addition, researchers
came up with anumber of data analyzing methods, which extract
a few quantities from phase maps to provide insightful knowl-
edge of the sample of interest. With the combination of QPI
platform and proper analyzing methods, this imaging techniques
has shown its power in a number of studies, such as cellular
dynamics [28], [29], cell growth & proliferation [30]-[32], mass
transport [33], cell-substrate interaction [34], impact of extra-
cellular environment [35], [36], and pathological applications
[37]-[40]. Recently, authors’ group, along with other research
groups, have translated QPI to neuroscience studies [41]. Tradi-
tionally, a neuroscientist uses electrophysiological methods or
fluorescent imaging to study a specimen. Though electrophys-
iology methods provide high fidelity readout of neural activity,
the low spatial throughput limits its capability of investigating
intra- and inter- cellular interactions of individual neuron among
the network [42]. On the other hand, by introducing a fluores-
cent sensor, optical imaging can provide functional information,
even electrical activity in both a single neuron and a network
[43]-[45]. But this process requires careful sample preparation,
and it is not suitable for long term imaging due to photo-toxicity
and photo-bleaching [46]. Here we report a few examples
where QPI open a unique avenue to address questions in
neuroscience.

A. Growth of Neuronal Network

The development of neuronal network in general is a com-
plex process. A single nerve cell, called neuron, detects a va-
riety types of stimulants both inside and from the medium,
gradually organizes into groups, and forms units with specific
functions.

Using QPI, one would be able to measure a forming neu-
ral network at multiple temporal and spatial scales, in a high
throughput and minimally invasive manner. Moreover, the quan-
titative phase value is proportional to non-aqueous content in the
cell, also called dry mass, which enables studying the growth of
cell bodies, extensions of neurites, changes of cell populations.
According to the literature, the refractive index properties of
the cell, n., show a linear dependence on the total cell protein
concentration [47]

ne (x,y) =ng + aC (z,y) 8)

where n the refractive index of the water, C is the concentration
of non-aqueous content of the cell (unit: g/ml), o the refraction
increment (unit: ml/g). The total dry mass of the cell is the
integrated phase value over the cell surface area, then scaled by

the constant
// o (z,y) dzdy

A
» dxd 9
%//Sﬁ(xay) xdy. 9
A

M
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Fig. 6. Label-free investigation of forming neuronal network. (a) Dry mass
density maps acquired at 0, 10, and 24 hours for both the untreated and LiCl
treated cultures; the yellow scale bar corresponds to 200 pm. (b) Total dry mass
vs. time of the entire field of view for both conditions. Adapted with permission
form Ref. [48].

One example of this application is shown in Fig. 6, where
researchers used SLIM to observe the emerging process of neu-
ronal network at a large FOV [48]. In this research, two different
differentiated human neuronal cell cultures were imaged for a
period of 24 hours. 15 mM LiCl was added to the medium of
one cell culture to retard neurite outgrowth as the experiment
group. The dry mass of the measured area at each time point
was calculated and plotted (Fig. 6b). Their results show that
increased neuron population as well as connected networks ap-
peared in the untreated group after 24 hours, as contrary to the
LiCl treated group, where cells mostly stayed in isolated clus-
ters (Fig. 6a). When looking at the dry mass change, drastic
difference can be observed between the experiment and control
group. Also, even for the untreated group, Fig. 6b reveals dif-
ferent type of growth features at different time period, which
suggest a correlation between protein production and network
structures. Similar to the result of another study in Ref. [26],
where Cintora et al. measured the rate of dry mass change of
neuron culture in low, medium, and high-confluence conditions
for a time course approximately 30 hours (Fig. 7), the authors
also found that neurons tend to produce less mass in higher
confluence regions.

B. Mass Transport

Dispersion-relation Phase Spectroscopy (DPS) is a QPI data
analyzing tool for describing how mass is transported inside or
between live specimens. DPS uses a time-stack phase video as
input, and extracts diffusion coefficient as well as the bandwidth
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Fig.7. Quantitative assessment of neuronal growth. (a-c) SLIM images repre-
senting low, medium and high confluency conditions, respectively, and (d-f) the
corresponding total dry mass change over a time course of 30 hours. Adapted
with permission from Ref. [26].
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Fig. 8.  Procedure of DPS. After the measurement, a region of interest (ROI)
in the field of view is selected(a), and the image volume is digitally aligned
to minimize drifts between frames (b). Taking a Fourier transform on each
frame (c), the temporal bandwidth is then evaluated and obtain map of I'(d).
Performing a radial average on (d), the advection and diffusion coefficients are
extracted from dispersion curve(e). Adapted with permission from Ref. [15].

of advection velocity, without the need of tracking individual
particles. This procedure is briefly described here (Fig. 8), and
more detailed discussion of the theory are included in Ref. [49].
For a given QPI time-stack, each frame, ¢, is essentially propor-
tional to dry mass density (Fig. 8a, b), it is assumed to satisfy
the diffusion-advection equation, namely [49]

0
DV (r,t) = v Ve (r,t) = 5
where r = (z, y) the spatial coordinates, D the diffusion coeffi-

cient, v the advection velocity. Taking a Fourier transform with
respect to r, we obtain the expression in frequency domain (q),

(r,t)=0  (10)

<Dq2+iq~v2)<p(q,t)—0. (11)

ot

In Eq. 11, the same symbols with different argument are used
to present a function and its Fourier transform, i.e., f(r) <
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Fig. 9. 3D intracellular transport using DPS. Using time-lapse tomograms,
one can calculate the dispersion-relation on both x-y and y-z plane, and, then
3D diffusion and advection bandwidth are retrieved. Adapted with permission
from Ref. [50].

f(q), where fis an arbitrary signal and < indicates the Fourier
transform. The Fourier transform of the input phase stack is
shown in Fig. 8c. The temporal autocorrelation at each spatial
frequency (i.e., transport along a certain direction), g(¢,f), can
be described as
g (q’ t) _ ei’vgqte—qA'ut—qut (12)
where v, represents the mean velocity, and Av the bandwidth
of the deterministic velocity. For most cases, we found that v is
negligibly small, meaning that the intracellular mass transport is
equally probable in all directions. Then, the exponential decay
rate, at each spatial frequency, I'(g), is expressed as,
I'(q) = Dg* + Avg. (13)
And I' can be calculated to be the standard deviation of the
spatial power spectrum (Fig. 8d). A radial average is followed
to reduce the 2D map into a 1D line profile (Fig. 8¢). The Av
and D values are then extracted by fitting the data to Eq. 13.
More recently, Kandel ef al. showed that, by feeding time-
lapse tomograms to the DPS method, one can investigate mass
transport in both transverse and axial directions (Fig. 9) [50].
Microtubules, which are important components of cytoskele-
ton, have a tubular structure typically with an outer diameter
around 24 nm and inner diameter about 12 nm, and it can grow
as long as 50 um [51]. These tiny structures play an active role
in intracellular transport as well as many other cellular pro-
cesses [52], [53]. However, the extreme small dimension of a
single microtubule makes it difficult to be resolved by a conven-
tional far-field microscope. In Ref. [54], the authors success-
fully demonstrated the capability of imaging single microtubule
in vitro using SLIM. Though the resolving power of microscope
is still limited by the diffraction limit, its sub-nanometer sen-
sitivity and stability make it possible to capture the phase shift
introduced by ting objects. According to their measurement, a
single microtubule yields a phase shift in the order of 1 mrad,
corresponding to a refractive index of 1.475. Because SLIM
does not require external labeling, the image stayed the same
level of contrast after 3 minutes of the measurement, while the
fluorescent signal faded away due to photobleaching (Fig. 10).
More importantly, they applied DPS calculation to every 128
frames, roughly 400 ms, and studied the change of velocity
bandwidth in a period of 2 hours, where a decreased motility
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Fig. 10.

SLIM enables continuous observation of microtubules without photobleaching. (top row) Fluorescence microscopy image, using the HiLyte 488 dye.

Note that a descending microtubule is not visible due to photobleaching (arrow). (middle row) SLIM images of the same field of view. (bottom row) For easier
visualization, the SLIM sequence was filtered with a spatial high-pass filter, displayed in the same gray scale. Adapted with permission from Ref. [54].

was observed. Clearly, this exceptional conclusion cannot be
obtained from conventional imaging methods.

C. Optogenetics

Optogenetics is a transformational method for studying func-
tions of neural network [55]. Through gene engineering, a cell
can produce light sensitive proteins, and as a result, its activi-
ties can be manipulated by light. Unlike conventional electrical
stimulation, light can be precisely delivered to some group or
specific types of neurons in a network, and this mechanism
makes it possible to investigate the impact of subpopulation
neurons on a neural circuit [56]. QPI, as well as some other
interferometric methods, measure the phase shift in high sensi-
tivity, which would enable label-free investigation of stimulated
neuro dynamics at a large spatial scale [57]-[59].

In authors’ lab, the cellular dynamics within optogenetically
activated PC-12 derived neuron cultures transfected with Chan-
nelrhodopsin 2 (ChR2) were recently investigated [15]. Once
these transfected neuron like cells are exposed to blue light, pro-
tein channels on the cell membrane would open, which allows
positive ions to enter the cell from the extracellular medium
[60]. The sudden influx of positive ions depolarizes the cell,
and this can trigger action potentials and also cause transport
of various cellular organelles. A DPM system coupled with a
projector was built to achieve programmable sub-cellular opto-
genetic excitation and label-free imaging. For individual trans-
fected cell, an active stimulation light (blue) for 3 seconds was
applied, then phase imaging followed for 3 minutes. This mea-
surement was repeated under a negative stimulation (red) and
no stimulation condition. For control, non-transfected neuron
under the same stimulation conditions were conducted. Fig. 11
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Fig. 11.  Optogenetically activated neuronal activities. (a) Optical pathlength
(OPL) change after applying different stimulation conditions on both ChR2+
and ChR2- neurons at subcellular regions. All ROIs were located either on
neuron dendrites, axon, or the region of cellbody close to a dendrite. The
absolute change of averaged phase with respect to t = 0 were plotted for
each stimulation condition, with standard errors indicated by light-gray bars.
(b) Using DPS, a box chart was obtained, which plotting the transport velocity
change compared with the velocity under no light stimulation after different
stimulation on ChR2+ and ChR2- (unit in %). Adapted with permission from
Ref. [15].

shows the magnitude of optical pathlength change, which is es-
sentially proportional to dry mass, in selected dendritic regions.
Moreover, the DPS results indicates drastic changes in ChR2+
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e

A brain slice imaging by a QPI tissue scanner. Regions (a) hippocampus, (b) cerebellum and (c) choroid plexus are shown at increasing magnification.

The green box in (a) shows the area of the dentate gyrus. The red box in (b) shows a cerebellum lobule. The layered structure for each region is analyzed in terms
of phase value. The red arrows in (c) are pointing to stromal capillaries within the choroid plexus. Adapted with permission from Ref. [66].

cell when received active stimulation, which suggest an en-
hanced cellular traffic recorded by phase measurement.

D. Pathological Applications

Histology is considered the ‘gold standard’ to study tissue
organization and alterations associated with diseases. The tra-
ditional histological methods use various stains to render colors
at different tissue structures, but this only provides qualitative
information and the staining outcome varies between cases [61].
QPI tissue scanner, however, doesn’t require tissue staining, and
its full field imaging capability would achieve an acquisition rate
as fast as the conventional tissue scanner. More importantly, the
intrinsic phase contrast would pick up structures that cannot
be observed in stained tissue due to staining error. In the past,
QPI have demonstrated to be useful to diagnose anomalies in a
few types of tissues [62]-[64]. In more recent studies, QPI also
shows the potential of studying morphological changes associ-
ated with neurological disorders.

At cellular level, QPI allows quantitatively monitoring mor-
phology and biomolecule alterations in cells to study patho-
physiology. For instance, Yang et al. measured the individual
neurons using 3D optical diffraction tomography (ODT) to in-
vestigate the early neurotoxic effect in vitro Parkinson’s disease
(PD) model [65]. In this experiment, after 5 hours of treatment
with chemical caused PD like symptoms, apoptotic features
were found in effected cells.

At tissue level study, by incorporating a motorized stage to a
SLIM system, Min et al. demonstrated the principle of mapping
morphology of brain slices [66]. In this research, segmented
phase images were acquired with high resolution, and then dig-
itally stitched to generate the whole view of brain slices of
mice (Fig. 12). As one can see, anatomical structures, such as
hippocampus, cerebellum and choroid plexus, are delineated in
detail across specimen without necessity of staining.

In addition, other than the quantitative phase value, one can
study tissue’s scattering properties to interpret its organization.
Scattering-phase theorem [67] maps the phase image of a thin
tissue slice in terms of scattering mean free path, [, and the
anisotropy factor, g, which are two parameters related to the
scattering properties of the measured specimen. [ is the mean
distance travelled by light for a single scattering event, and g is
the average cosine of the scattering angle over a tissue thickness
equal to . Using [, — g relation, one can distinguish tissue
architecture, study the changes in tissue organization due to
injury, and realize diagnosis purpose [68], [69]. Both /; and g
can be extracted from a measured phase map,

L

h=BEO) (1
2

where L is the thickness of tissue slice (typically between
3-5 pum), (A¢?(r)) is the spatial variance of ¢ over a certain
window, kg = 27ng /A, A the central wavelength, n, the refrac-
tive index of the tissue, and (|V(r)|*) is the spatial average of
the square magnitude of the gradient phase.

InRef. [70], Lee et al. developed a DPM-based tissue scanner
to study Alzheimer’s disease (AD) affected brain slices. By us-
ing scattering-phase theorem, they retrieved maps of scattering
coefficient (uy), essentially the reciprocal of [, and anisotropy
(). In u, and g maps, some important brain architecture, such
as grey, white matter, hippocampus, are clearly separated. Fur-
thermore, by comparing [, and g at different regions between
normal and mice with AD, authors found a higher inhomogene-
ity and increased size of scattering particles in the grey and
hippocampal regions in AD effected tissues.
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V. SUMMARY AND FUTURE DIRECTION

Quantitative phase imaging is a label-free modality suitable
for studying both fixed and live biological samples. Exploit-
ing the principle of interferometry, QPI measures the optical
pathlength difference with sub-nanometer scale sensitivity and
stability. In the past decades, a number of QPI systems were
invented, which enables different experiments performed at
various temporal and spatial scale. Temporally, since no ex-
ogenous labeling is needed, QPI enables measuring dynamics
phenomena from the millisecond scale, to days, even weeks
long processes. Spatially, QPI also caters to different needs,
ranging from detecting tiny subcellular structures with dimen-
sions below the resolution limit, to mapping the morphology of
whole tissue slices. During the process of enriching QPI imag-
ing platforms, numerical analysis methods were developed as
complementary tools to extract either functional or structural
knowledge of the studied object. Through the exemplary stud-
ies shown in here, one can see that QPI has become a remarkable
tool for biomedical applications, and, specifically, neuroscience.
Though tremendous progress has been achieved so far, it still
faces a few challenges. (1) “Optophysiology”, by which one
measures the changes in optical properties associated with an
action potential in a single mammalian neuron, has not been
fully demonstrated yet. The traditional electrophysiology meth-
ods, potentially invasive and requiring contact, are still consid-
ered the ‘gold standard’ in neuroscience. Even though a few
publications prove that QPI provides enough sensitivity to de-
tect phase change related to membrane potential [71], or read
out subtle activities due to stimulation, no single action poten-
tial or calcium signal has been isolated so far from the phase
response. (2) If one is interested in a specific component within
the specimen, QPI still relies on other methods, such as fluo-
rescent imaging, for validation. One proposed solution is letting
scattering particles, such as high refractive index nanoparticles
or gas vesicles, fuse with structures of interest, which would
boost the phase response at the specified region. This way, one
would obtain highly specific measurements, without limitations
associated with photobleaching and photoxicity. However, ques-
tion arises as to whether adding external agents would impact
the viability in live samples. (3) Compared to the high speed data
production in QPI experiments, the efficiency of data analysis is
relatively low. Though some image processing algorithms, such
as NeuronJ, would automatically segment or trace certain fea-
tures, manual or semi-manual selection is still needed and even
repeated frame by frame [72]. With the concomitant progress
in the computational areas [73, 74], especially artificial intelli-
gence algorithms, we expect to see a continuously growing QPI
field, valuable to the broad neuroscience community.
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