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ABSTRACT: Red blood cell (RBC) indices serve as clinically
important parameters for diagnosing various blood-related
diseases. Conventional hematology analyzers provide the highly
accurate detection of RBC indices but require large blood volumes
(>1 mL), and the results are bulk mean values averaged over a
large number of RBCs. Moreover, they do not provide quantitative
information related to the morphological and chemical alteration
of RBCs at the single-cell level. Recently, quantitative phase
imaging (QPI) methods have been introduced as viable detection
platforms for RBC indices. However, coherent QPI methods are
built on complex optical setups and suffer from coherent speckle
noise, which limits their detection accuracy and precision. Here,
we present spectroscopic differential phase-contrast (sDPC)
microscopy as a platform for measuring RBC indices. sDPC is a computational microscope that produces color-dependent phase
images with higher spatial resolution and reduced speckle noise compared to coherent QPIs. Using these spectroscopic phase images
and computational algorithms, RBC indices can be extracted with high accuracy. We experimentally demonstrate that sDPC enables
the high-accuracy measurement of the mean corpuscular hemoglobin concentration, mean corpuscular volume, mean corpuscular
hemoglobin, red cell distribution width, hematocrit, hemoglobin concentration, and RBC count with errors smaller than 7% as
compared to a clinical hematology analyzer based on flow cytometry (XN-2000; Sysmex, Kobe, Japan). We further validate the
clinical utility of the sDPC method by measuring and comparing the RBC indices of the control and anemic groups against those
obtained using the clinical hematology analyzer.
KEYWORDS: red blood cell indices, quantitative phase imaging, image-based cytometry, incoherent imaging,
differential phase-contrast microscopy

■ INTRODUCTION
Red blood cells (RBCs) play a critical role as oxygen
transporters, delivering oxygen from the lungs to various
organs in the human body.1 Dysfunction of RBCs causes
critical health problems and complications, such as kidney and
spleen diseases,2 hemolytic crises,3 vascular occlusion, and
thrombotic complications.4 RBC conditions are commonly
evaluated using RBC indices,5 namely mean corpuscular
hemoglobin concentration (MCHC), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), red
cell distribution width (RDW), hematocrit (Hct), hemoglobin
concentration (Hgb), and RBC count. RBC indices provide
clinically important information related to various blood
disorders accompanying anemia, including hereditary spher-
ocytosis and sickle cell disease,6,7 as well as diseases that induce
abnormal states for RBCs. For example, iron deficiency anemia
features high RDW and low levels of MCHC, MCV, Hct, and
Hgb;8 patients with hereditary spherocytosis typically exhibit

high MCHC and RDW;9,10 and hyperglycemia increases
MCHC, MCV, MCH.11

Various techniques for blood testing have been applied to
evaluate such abnormal states of RBCs. For instance, a
hemocytometer (e.g., Neubauer’s chamber) provides an
effective platform for cell counting but does not provide
important parameters for RBC assays, such as hemoglobin
(Hb) content and cell volume, which are crucial for the
measurement of RBC indices. Flow cytometry-based hematol-
ogy analyzers are commonly employed in clinical laboratories
to measure RBC indices.12 They provide the highly precise
detection of RBC indices, but the results are the gross
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properties averaged over a large population of RBCs, and they
cannot provide information about the morphology and Hb
concentration of individual cells. The instruments are also
complex and expensive and require specific reagents, such as a
lysis agent or a cleaning agent, as well as trained operators to
maintain them. Various image-based cytometers have also been
applied to measure the Hb concentration of RBCs.
Quantitative absorption cytometry,13 for instance, demon-
strated highly precise measurement of Hb content and cell
volume. Yet, its operation requires RBCs to be suspended in an
index-matching absorption buffer with a precalibrated
absorption coefficient. Multimodal multiphoton microscopy14

has also been suggested to measure the hemoglobin content of
a single RBC. However, the method requires the synchronous
operation of ultrafast lasers, making the measurement
expensive and complicated.
Recently, quantitative phase imaging (QPI) methods have

been introduced as viable detection platforms for RBC indices.
QPIs are capable of measuring optical thickness information of
transparent thin specimens15 and thus do not suffer from issues
related to labeling and enable highly accurate morphological
analysis of blood cells at the cellular level.16,17 However, the
measured phase is proportional to the product of the refractive
index and the physical thickness, and decoupling these optical
properties is thus necessary for the accurate extraction of RBC
indices (see the definitions of each RBC index in the Methods
section).
Various strategies have been suggested to tackle this

decoupling problem.18 QPI has been combined with scanning
imaging modalities, such as atomic force microscopy19 or
confocal microscopy,20 to perform accurate measurements of
the physical thickness of RBCs and subsequent RI decoupling.
This method, however, requires imaging with both QPI and
scanning-based methods, which increases system complexity,
cost, and the total measurement time and cannot be applied to
rapidly moving RBCs. Lue et al.21 and Kemper et al.22

decoupled RI and the physical thickness of cells using
approximations of cell morphology. The method may be
effective for well-shaped suspended cells, but any discrepancy
between the approximation and the actual cell structures can
lead to measurement errors. Other methods suggested the use
of immersion media23,24 to successfully decouple the RI and
the thickness. Rappaz et al.24 measured phase images under
different immersion media and solved for the RI and physical
thickness of the cells with the RI information on the immersion
media. This method, however, requires the cells to be
stationary during the medium change to accurately measure
the physical thickness of the cells. Jafarfard et al.23 also
presented a decoupling scheme by immersing the cells in a
biocompatible medium with a precalibrated spectral response
and measuring the phase images. Yet, this method requires a
precalibrated, dispersive immersion medium to operate.
Optical diffraction tomography (ODT) has also been

applied to map out the three-dimensional RI information on
RBCs.25−29 For instance, Ryu et al.26 combined a microfluidic
device and ODT to achieve the actuation- and dilution-free
formation of sparse RBC distribution in the measurement
volume and applied the ODT method to measure the RI and
3D volume maps. These methods can reliably decouple the RI
and the thickness of RBCs but require multiple measurements
with various incident angles, and the cells should be stationary
during the measurement. Advanced forms of ODT demon-
strated a tomographic RI imaging capability from a single

image acquisition. Zhou et al., for example, introduced color-
multiplexed diffraction tomography capable of producing an RI
tomogram in a single shot.30 This method, however, exhibits
nonisotropic spatial resolution and image artifacts due to the
significant amount of missing information in the object 3D
spectrum that can be obtained with a single measurement. Kus ́
et al.31 introduced a high-throughput ODT scheme by
segmenting the image sensor into multiple regions over
which projections under various illumination angles can be
simultaneously recorded. The method is effective in terms of
improving the tomographic imaging throughput for a single
cell but may compromise the spatial resolution or the field of
view. Single-shot RI slice imaging has been demonstrated
based on the depth-resolved transfer function. Yet, this method
enables RI imaging at a given depth, and thus axial scanning is
required to generate a 3D RI tomogram.32 Ge et al. reported
on a high-speed ODT method based on angle multiplexing and
a deep-learning-based image reconstruction network.33 How-
ever, this method involves network training with large paired
data sets.
Recently, spectroscopic digital holographic microscopes

(DHMs) have been introduced for blood testing.34−37 These
methods quantify the Hb concentration and physical thickness
of RBCs by performing spectroscopic phase imaging at
multiple wavelengths. However, DHM based on a coherent
light source suffers from coherent speckle and other
interference noises, which may degrade detection accuracy.
These noise patterns arise from the interference among the
light scattered from surfaces and particles in the beam paths
and form random or distinct patterns superimposed onto the
RBCs in the resultant phase images. Consequently, they hinder
accurate cell segmentation and volume measurement. Several
DHM methods have been proposed to address such
limitations. For instance, Pan et al. proposed several strategies
for speckle reduction by averaging multiple images acquired by
either laterally shifting the camera38,39 or by illumination with a
multimode laser.40 Choi et al. also reported on a single-shot,
speckle-free DHM method using dynamic speckle illumination,
which exhibits a short spatial coherence length.41 Spatial light
interference microscopy can also produce speckle-free phase
images using the light interference with a partially coherent
light source.42,43 These methods have demonstrated viability in
producing high-quality phase images with reduced speckle
noise but require multiple image acquisitions or complicated
optical design for speckle reduction.
Differential phase-contrast (DPC) represents one of the

intensity-based computational phase imaging methods capable
of producing quantitative phase images using asymmetric
illuminations and image deconvolution.44,45 Owing to its
reference-free operation with partially coherent light sour-
ces,44,46−48 it provides speckle-free quantitative phase images
with higher spatial resolution compared to coherent imaging
schemes. The method can also be readily built with
inexpensive components such as a programmable LED array
and is thus simple and robust. Various forms of DPCs have
been demonstrated over the years and have been applied to,
for example, measuring sperm cell motility,49 RBC morphol-
ogies,50 and visualizing birefringence materials.51 Here, we
introduce a functional derivative of DPC microscopy, termed
spectroscopic differential phase-contrast (sDPC) microscopy,
as a novel detection platform for image-based RBC indices.
Unlike the conventional DPC method, or other color-
multiplexed DPC or Fourier ptychographic microscopy
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(FPM)-based QPI methods that are aimed to obtain phase
images for nondispersive samples at nominally selected
wavelengths,52,53 sDPC employs three color-multiplexed
illuminations to obtain three color-dependent phase images,
thereby acquiring dispersive information on RBCs. Based on
the acquired quantitative phase images, a gradient-descent-
based optimization algorithm was developed to decouple the
Hb concentration and the physical thickness of RBCs, which in
turn enables the extraction of RBC indices with high accuracy
and precision. The experimental setup and reconstruction
algorithms of sDPC are presented, and the performance of our
method is evaluated by comparing the measured RBC indices
against those from a clinical hematology analyzer (XN-2000;
Sysmex, Kobe, Japan). We also demonstrate the clinical
viability of our method by measuring and comparing the
sDPC-measured RBC indices of the control and anemic groups
with those from the hematology analyzer.

■ METHODS

Blood Sample Preparation
The Institutional Review Board (IRB) of Severance Hospital (Seoul,
Republic of Korea) approved both the collection of residual blood
samples from patients and all the experimental protocols (IRB 4−
2022−11152). Prior to sDPC imaging, the whole blood sample was
first diluted with 1X PBS at a ratio of 1:100. After mixing, the diluted
sample was loaded into a blood imaging chamber (CELLOP-Chip,
Small Machines, Korea), which features a chamber depth of 100 μm,
for sDPC imaging. The chip used in this study featured a tolerance of
∼5 μm in chamber depth, which may influence cell segmentation
performance. To resolve the issue, we first acquired a reference image
of the chamber with no blood cells and used the information to
normalize sDPC images of the same field of view (FoV) with blood
cells. Further, we thresholded the image and counted the RBCs to
minimize detection error due to spatial phase fluctuations.
sDPC Optical Setup
The sDPC microscope was constructed in a 4f configuration using a
20x/0.4 NA objective lens (RMS20X, Olympus, Japan) and a tube
lens (TTL180-A, Thorlabs, USA) (Figure 1). For illumination, a
programmable color LED matrix (32 × 32 RGB LED matrix panel
with 4 mm pitch, Adafruit, USA) was employed. The LED array emits
light of three colors at 630, 530, and 470 nm with a spectral
bandwidth of 10 nm. Note that one may use other wavelengths that
are more sensitive to Hb contents based on the dispersive curve of the
RBCs. For instance, Jang et al. used lasers at 633, 532, and 450 nm to
perform RBC assays in the DHM microscope.34 In our study, we used
a commercially available LED array as it enables the cost-effective
implementation of sDPC. We employed azimuthally cosine-
modulated patterns of red, green, and blue colors to achieve an axi-
symmetric frequency response for each color.54 Three colored
illumination patterns rotated by 120° sequentially illuminated the
blood-loaded imaging chamber, and the light transmitted through the
sample was collected by the objective lens and captured by a color
camera (DFK 33UX264, The Imaging Source, Germany). Image
acquisition was performed at a frame rate of 4 fps and synchronized
with the LED matrix using an Arduino Mega 2560. The exposure time
was 0.25 s. The imaging FoV was measured to be 350 × 350 μm.
sDPC Phase Imaging
The process of sDPC phase reconstruction is outlined in Figure 2.
Upon image acquisition under three azimuthally cosine-modulated,
color-multiplexed LED patterns, each color image is decomposed into
images of red, green, and blue, resulting in a total of nine images (i.e.,
three images per color). Each image was then pixel-demosaicked
(debayered) using the gradient-corrected linear interpolation
method55 and corrected for color leakage,47,53,56 as described in the
Supporting Information. Using the three images at each color, a color-
dependent phase image can be reconstructed as described below.

For weakly scattering objects such as thin transparent biological
cells, the object transmission function can be approximated as

= + +t i ir r r r r( ) exp( ( ) ( )) 1 ( ) ( ) (1)

where r, μ(r), and ϕ(r) are the spatial coordinates in the object plane
and the absorption and phase distribution of the sample, respectively.
The measured intensity information under a partially coherent
illumination can then be expressed as44

Ù Ù Ù
= · + · + ·I B H Hu u u u u u( ) ( ) ( ) ( ) ( ) ( )c c c c c c (2)

where u, δ, Ù
Ic ,

Ù
c , and

Ù
c are the spatial frequency coordinates, the

Dirac delta function, the frequency spectrum of the image at color c,
and the Fourier transforms of the absorption and phase of the object
at color c (c = R, G, or B), respectively. Bc, Hc

μ, and Hc
ϕ are the

background, absorption, and phase transfer functions at color c,
respectively. Note that the amplitude and phase transfer functions at
each color are determined by the source (Sc(u)) and pupil (Pc(u))
functions, given as

= | |B S Pu u u( ) ( ) dc c c
2 2

(3)

= [ * · + · ]H S P P P S Pu u u u u u u( ) ( ( ) ( )) ( ) ( ) (( ( ) ( )))c c c c c c c

(4)

= [ * · · ]H i S P P P S Pu u u u u u u( ) ( ( ) ( )) ( ) ( ) (( ( ) ( )))c c c c c c c

(5)
where ★ and * denote two-dimensional cross-correlation and
complex conjugate operators, respectively. Using the images under
the three illumination patterns at color c, we compute the
corresponding DPC image as

ˆˆˆ
= + +I I I I B B Bu u u(2 ( ) ( ) ( ))/( )c,l

DPC
c,l c,m c,n c,l c,m c,n (6)

Figure 1. sDPC microscope schematic. A color LED matrix is located
80 mm away from the specimen plane. sDPC uses three color-
multiplexed patterns to illuminate blood samples, and the light
transmitted through the sample is recorded by a color image sensor.
Each illumination pattern is composed of azimuthally cosine-
modulated patterns of red, green, and blue that are rotated 120°
relative to each other. The acquired images are then used to obtain
phase images of red, green, and blue, which are subsequently utilized
to decouple the refractive index and the thickness of RBCs. The
illumination numerical aperture (NA) is matched to the objective lens
NA.
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where l, m, and, n (l ≠ m,n) indicate the illumination patterns at a
given color. Since the illumination patterns l, m, and n have equal area
and total intensity, one can easily see that the background signal and
absorption information are eliminated in the evaluation of the
numerator terms in eq 6. Consequently, the DPC image Îc,l

DPC can be
expressed as

Ùˆ
= ·I H u u( ) ( )c,l

DPC
c,l
DPC

c (7)

where Hc,l
DPCϕ(u) is the DPC phase transfer function, given by

=

+ +

H H H H

B B B

u u u u( ) (2 ( ) ( ) ( ))

/( )

c,l
DPC

c,l c,m c,n

c,l c,m c,n (8)

It can be seen from eq 7 that the object phase can simply be obtained
via the deconvolution of the DPC image with the DPC phase transfer
function. However, a direct inversion of eq 7 may lead to incorrect
phase estimations, since the DPC transfer function has zero or small
values outside of the spatial frequency passband and along the axis of
symmetry.44 In order to achieve noise-robust phase retrieval, we solve
the minimization problem set as

Ù Ùˆ
|| · || + || ||

=
I Hu u u umin ( ) ( ) ( ) ( )

i l,m,n
c,i
DPC

c,i
DPC

c 2

2

tik,c c 2

2

c (9)

where γtik,c is the regularization parameter for the term related to the
L2 norms of each phase at each color c. The regularization parameters
were determined experimentally with a precalibrated phase target (see
the Results and Discussion section). The quantitative phase image at
color c can then be reconstructed as

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É
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ˆ
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=
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u
( )

( ) ( )

( )
c
recon 1 j l,m,n c,j

DPC
c,i
DPC

j l,m,n c,j
DPC 2

tik,c (10)

where 1 is the inverse Fourier transform operator.
sDPC-Based RBC Index Extraction
The phase image of the RBCs at color c is related to the Hb
concentration (C) and physical thickness (h) of the RBCs, as follows:

= [ · + ]·C n h
2

( ) xc
c

c
(11)

where λc, α(λc), and nx are the wavelength of light at color c, the
proportionality constant of the refractive index as a function of Hb
concentration, and the refractive index of cytoplasmic molecules other
than Hbs,34 respectively. Using prior information for α(λc) from
previous studies,57 the decoupling problem turns into solving
nonlinear sets of equations with three unknowns and three equations.
Yet, the problem involves solving nonlinear equations with the
variables coupled to each other. Accordingly, optimization is required
to solve this problem.34,35 We developed a gradient-descent-based
optimization method on the data fidelity term and a proximal
operation of the two-dimensional total variation to solve these
nonlinear sets of equations with the approximation that RBCs exhibit
a homogeneous molecular distribution. The optimization problem
was set as

|| || + || || + || ||
=

C nmin

(inside RBC area)

C n h, , c R,G,B
c c

recon
2
2

1 1 2 x 1
x

(12)

where the first term is the data fidelity term and the second and third
terms are the total variation penalty terms related to the concentration
of Hb and other molecules inside the RBCs, which are introduced to
impose sparsity in the variation of C and nx inside the blood cells.
Note that ϕc is the phase information at color c, as defined in eq 11. ∇
denotes the gradient operator. η1 and η2 are the weighting parameters
of the penalty terms for the gradients of C and nx, respectively. To
deal with the data fidelity term, a gradient-descent-based optimization
algorithm was applied, and for the penalty terms, we employed the
proximal operation of the total variation using the UNlocBox
toolbox.58 To segment the RBCs in the phase images, the marker-
controlled watershed segmentation (MCWS) algorithm was used.
Detailed information on the MCWS algorithm is provided in the
Supporting Information.
From the measured Hb concentration and physical thickness of the

RBCs (Figure 2d), the RBC indices can be obtained as follows:8

= ·
·

N

C A

A
MCHC

1 d

(13)

= · ·
N

h AMCV
1

d (14)

= · · ·
N

C h AMCH
1

d (15)

= ·RDW /MCV 100 (16)

= ×Hct MCV RBC count /10 (17)

= ×Hgb MCH RBC count /10 (18)

where A, N, RBC count, and σ denote the area of each RBC, the
number of RBCs in the imaging FoV, the number of RBCs in unit

Figure 2. sDPC-based RBC index extraction. (a) Three intensity
images are acquired using specially designed color-multiplexed LED
patterns. (b) The acquired images are corrected for color leakage and
decomposed into the images at red, green, and blue. (c) Quantitative
phase images are then obtained through the sDPC phase
reconstruction algorithm. (d) The phase images of three colors are
used to obtain the Hb concentration and physical thickness of each
RBC, which are in turn utilized to extract the RBC indices.
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volume in millions/mm3, and the standard deviation of each RBC
volume, respectively. We estimated the RBC count by counting the
number of RBCs in a single FoV using the Hough circle detection
algorithm. All of the computation algorithms applied herein were
implemented using MATLAB software (MathWorks, USA). The total
computation time of RBC index extraction from one image took less
than 5 min using a desktop computer (AMD Ryzen 7 3700X 8-Core
Processor, 3.60 GHz).

■ RESULTS AND DISCUSSION

Phase Accuracy Evaluation
We first assessed the phase measurement accuracy of the sDPC
microscope by imaging a Siemens star phase target (Bench-
mark Technologies, USA; Figure 3). It is clearly seen that
sDPC could produce high-contrast, high-resolution phase
images at red, green, and blue colors. The regularizers used
for the image reconstruction were γtik,r = 7 × 10−4, γtik,g = 5 ×
10−4, and γtik,b = 3.9 × 10−4 for the red, green, and blue colors,
respectively. The phase measurement error was computed
based on the phase profile shown in Figure 3b. We first
identified the positions of the peaks and valleys of the phase
profile using the MATLAB “findpeaks” function. We then
evaluated the difference between the mean phase values of the
peaks and valleys as

i
k
jjjjjj

y
{
zzzzzz

i

k
jjjjjjj

y

{
zzzzzzz=

= =M N
1 1

i

M

i
j

N

jc
1

,c
peak

1
,c
valley

(19)

where ϕi,cpeak and ϕj,cvalley are the phase values of the ith and jth
peaks and valleys at color c and M and N are the numbers of
peaks and valleys found in the circular line in Figure 3b,
respectively. The obtained c was then compared against the
phase change estimated from the refractive index and etch
depth of the target provided by the manufacturer (Benchmark
Technologies, USA). The theoretical phase changes of the
spoke patterns at the red, green, and blue colors were evaluated
as 0.52, 0.62, and 0.69 rad, respectively, and the differences

between sDPC and the theoretical estimations at each color
were measured to be 0.2%, 0.7%, and 1.9%, which was
obtained as × | | | |100 /c c

true
c
true with the theoretical phase

change ϕc
true. We also performed imaging of randomly

distributed microbeads with phase delays of 0.997, 1.186,
and 1.337 rad in the R, G, and B colors, respectively, which are
comparable to the expected phase delays of the RBCs. Using
the same regularizers (i.e., γtik,r = 7 × 10−4, γtik,g = 5 × 10−4, and
γtik,b = 3.9 × 10−4), the phase delays of the beads relative to the
background region were measured to be 1.00, 1.19, and 1.36
rad at the R, G, and B colors, respectively. The results agreed
well with the theoretically estimated phase values, with errors
of 0.2%, 0.8%, and 1.7% (see Section 3 of the Supporting
Information).
We then quantified the spatial phase noise by evaluating the

standard deviation of the phase fluctuations in the pattern-free
region of 80 × 80 pixels in Figure 3a. The spatial phase noise
values of the phase images at the R, G, and B colors were
found to be 0.046, 0.043, and 0.076 rad, respectively. In
addition, sDPC with a partially coherent light source provides
higher spatial resolution than coherent imaging methods44 (see
Section 4 in the Supporting Information), which helps with
highly precise RBC segmentation.
sDPC-Based Measurements of RBC Indices

We then performed the sDPC measurement of the RBC
indices for a blood sample acquired from a normal subject.
Approximately 10 μL of the diluted blood sample was loaded
into a blood imaging chamber, and sDPC imaging was
performed. Note that all the regularization parameters were
identical to those in the previous section. For a single sDPC
imaging FoV (350 × 350 μm), 402 RBCs were identified and
segmented, and the RBC indices were evaluated over the
segmented cells. The RBC indices from the same sample were
separately measured using a clinical hematology analyzer (XN-
2000; Sysmex, Kobe, Japan). The measurement results from
the sDPC and hematology analyzer are summarized in Figure
4. The mean and standard deviation values for Hb

Figure 3. sDPC phase images of a Siemens star phase target (Benchmark Technologies, USA). (a) Reconstructed quantitative phase images in each
color. Each phase image is shown with the corresponding phase noise measured in the background (σb). (b) Line phase profiles along the red,
green, and blue dashed circles in (a). The reconstructed phase values (red, green, and blue solid lines) agree greatly with the theoretical estimations
(black dashed line).
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concentration, cell volume, and Hb content were 34.4 ± 2.6 g/
dl, 92.9 ± 11.5 fl, and 32.1 ± 5.7 pg, respectively. The bulk
mean values of the RBC indices, including MCHC, MCV,
MCH, RDW, Hct, Hgb, and RBC count, were also evaluated
and compared against those from the hematology analyzer
(Figure 4d). One can note that the sDPC-measured RBC
indices agreed well with those from the hematology analyzer
even with 402 RBCs in a single FoV, with relative errors of less
than 7% for all of the indices. Compared to other RBC indices,
the indices that require statistical analysis for a large number of
measurements, including RDW and RBC count, exhibited
relatively larger errors. However, it should be noted that this
performance can be improved by evaluating more RBCs from
phase images over multiple FoVs. Indeed, we performed
measurements of the RBC indices over five FoVs by laterally
scanning the blood chamber and found that the errors reduced
to 4.7% and 2.9% for the RDW and RBC counts, respectively
(Table S1 in the Supporting Information).
sDPC-Based Blind Screening of Control and Anemic
Groups
The sDPC platform was further applied to screen the control
and anemic groups and classify the anemic group into specific
categories. Blood samples were first separated into control and
anemic groups, and the anemic samples were further classified
into common morphologic and chemical abnormalities, which
are macrocytic−normochromic anemia with mild anisocytosis
(A1) and microcytic−hypochromic anemia with moderate
anisocytosis (A2) according to the medical convention based
on the RBC indices from the hematology analyzer. The control
group (C) was characterized by the normal ranges for the RBC
indices (i.e., MCHC, 32−36 g/dl; MCV, 80−100 fl; MCH,
27−31 pg; RDW, 12−15%; Hct, 41−50% and 36−48% for
male and female, respectively; Hgb, 13.8−17.2 and 12.1−15.1
g/dl for male and female, respectively; and RBC count, 4.0−
5.9 and 3.8−5.2 millions/mm3 for male and female,
respectively), while the RBC indices of the anemic groups
were outside of these reference ranges. Microcytic−hypochro-
mic anemia is possibly related to iron deficiency, thalassemia,
and chronic bleeding,59 while macrocytic anemia includes the
possibilities of vitamin B12 deficiency or folate deficiency.60,61

We then blindly performed the sDPC-based blood assay to
evaluate its diagnostic performance for the RBC abnormalities.
The RBC indices for the same blood specimens were
measured, and the results were compared against the those
from the hematology analyzer (XN-2000; Sysmex, Kobe,
Japan) (Figure 5a). Note that the measurements were

performed on blood specimens from the same batch. As can
be noted, sDPC could successfully differentiate the anemic
groups from the control group based on the Hct (C, 42.1%; A1
and A2, 34.7% and 24.8%, respectively) and Hgb levels (C,
14.5 g/dl; A1 and A2, 11.6 and 7.7 g/dl, respectively) and
could classify the anemic groups into macrocytic−normochro-
mic anemia (A1) and microcytic−hypochromic anemia (A2)
with the RBC indices (Figures 5b and 5c). The A1 group
featured high MCV and RDW and normal-range MCHC,
which are the characteristics of macrocytic−normochromic
anemia with mild anisocytosis. On the other hand, the A2
group exhibited very high RDW and low levels of MCHC and
MCV compared to the normal reference ranges for the RBC
indices and therefore can be classified as microcytic−
hypochromic anemia with moderate anisocytosis. Note that
the measurements of RBC indices were performed with 560,
306, and 309 RBCs for the C, A1, and A2 groups, respectively.
All of the p-values were less than 0.001, clearly indicating that
the differences were not due to sampling error. The RBC
indices extracted from sDPC not only matched well with the

Figure 4. sDPC-based measurements of the RBC indices. Single-cell-
level distribution histograms of the Hb concentration (a), cell volume
(b), and Hb content (c). All histograms are presented with Gaussian
fits (red solid line) and the mean (μ) and standard deviation (σ)
values. (d) Mean values of the extracted RBC indices are compared
with those from the clinical hematology analyzer.

Figure 5. sDPC-based measurements of RBC indices for the control
and anemic groups. (a) Compared bulk mean values of RBC indices
from the hematology analyzer and sDPC. Hb concentration (b) and
cell volume (c) are presented as the boxplots and swarm charts, along
with the p-values of the student’s t test. *** indicates that the p-value
of the selected two groups is less than 0.001. The gray shaded regions
in (b) and (c) denote the normal reference ranges of MCHC and
MCV, indicating normochromia and normocytosis, respectively. Each
box plot indicates the median value (red line) and interquartile range
(blue box) of a given set, and the whiskers are extended to the
extreme values.
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reference measurements from the hematology analyzer (XN-
2000; Sysmex, Kobe, Japan) with errors less than 7% but could
also provide single-cell-level quantitative measurements of the
RBC indices.

■ CONCLUSION AND FUTURE PERSPECTIVES
In summary, we demonstrated an sDPC microscope as a viable
image-based detection platform for RBC indices. sDPC can be
readily built in a conventional microscope using an inexpensive
LED array as the light source and provides speckle-free
quantitative phase images at multiple colors. We implemented
spectroscopic phase reconstruction and gradient-descent-based
optimization algorithms to decouple the Hb concentration and
physical thickness of RBCs from the measured sDPC images,
which were then used for the evaluation of RBC indices. The
high-accuracy phase imaging capability of the sDPC was
validated by imaging a calibrated phase target (error < 2% for
all colors considered), and the detection performance of the
RBC indices was demonstrated by comparing the sDPC results
against those from a clinical hematology analyzer (XN-2000;
Sysmex, Kobe, Japan). For ∼400 RBCs in a single FoV, the
measured errors were less than 7% for seven RBC indices,
including MCHC, MCV, MCH, RDW, Hct, Hgb, and RBC
count. We further employed sDPC for the detection of RBC
indices and the classification of the control and anemic groups.
It should be noted that spectroscopic QPIs have been

demonstrated previously.34−37,62 However, to the best of our
knowledge, spectroscopic QPI in the platform of DPC
microscopy has not been demonstrated and applied to the
quantitative detection of RBC indices. Previous spectroscopic
QPIs reported thus far have mostly been demonstrated in
DHM, which exhibits issues with speckle noise and sensitivity
to experimental disturbances. DPC microscopes based on
color-multiplexed illuminations/detections have been demon-
strated; however, all the methods rely on the assumption that
objects are nondispersive to obtain a phase image at a
nominally selected wavelength. For instance, Fan et al.
employed color-multiplexed illumination to generate phase
image at a blue color (i.e., 461 nm).52 Some studies examined
optimal illumination patterns to achieve isotropic DPC
imaging at a single wavelength. In contrast, our method
considers RBC as a dispersive object that exhibits a
wavelength-dependent refractive index as a function of Hb
concentration. To obtain a wavelength-dependent phase
image, we utilized color-multiplexed illumination, and the
obtained images at red, green, and blue were used to decouple
the physical thickness and refractive index.
Several features of sDPC should be noted. First, sDPC is

capable of producing quantitative phase images of unprocessed
blood cells and thus eliminates the preparation procedures,
markedly simplifying the detection protocols for the RBC
indices. Its reference-free optical setup with partially coherent
LEDs also enables speckle-free image acquisition with spatial
resolution higher than that of holography-based imaging
methods. This feature offered phase reconstruction with spatial
phase noise ≤0.08 rad without any hardware-based noise
reduction methods. This noise performance is expected to be
further improved by being combined with various computa-
tional denoising methods, such as wavelet denoising63 or
convolutional neural-network-based methods,64 which will
help with precise cell segmentation and volume detection.
Moreover, unlike a conventional hematology analyzer, sDPC
allows for the observation of RBC morphology at the single-

cell level. This feature enables quantitative analysis of the
heterogeneity of the RBC indices at the single-cell level and
can be used for various morphological and dynamic studies,
including surface area, sphericity, and membrane fluctuation.25

Microscopic information on RBCs at the cellular level is of
great importance in the differentiation of various RBC cell
types, which is highly related to various diseases. For instances,
Hb content and morphological information can be used to
diagnose malaria37 and sickle cell diseases,65 and a recent
report found that elevated schistocyte counts are associated
with increased all-cause mortality.66

In our prototype, a single FoV of the sDPC microscope
contains about ∼400 RBCs for normal subjects. This small
number of RBCs compared to that measured by a hematology
analyzer (∼millions of RBCs) for the RBC index extraction
may largely contribute to the discrepancies between the sDPC
and hematology analyzer measurements. As observed in Figure
4, the RBC indices that require statistical measurements with a
large population of RBCs (e.g., RDW and RBC count)
exhibited relatively larger errors against those from the
hematology analyzer compared to other RBC indices.
Computation with images over multiple FoVs improves the
precision. Indeed, RBC indices computed with the sDPC
measurements over five FoVs resulted in error reduced to 4.7%
and 2.9% in terms of RDW and RBC count, respectively. As
such, the integration of an automated specimen translation
stage into the sDPC platform would enable the highly precise
and automated detection of the RBC indices by taking images
over multiple FoVs. Several computational imaging methods
have demonstrated large-FoV, high-resolution imaging capa-
bilities for thin transparent objects.67−69 However, these
methods generate such high space−bandwidth product images
by capturing multiple images under different imaging
conditions (e.g., various illumination angles or object
positions) and synthesizing the frequency information on the
captured images for a single imaging area. Consequently, these
methods may not be suitable for imaging suspended RBCs,
which may move around during multiple image acquisitions.
Several improvements can be pursued to facilitate the

adoption of sDPC in clinical laboratories. The imaging speed
of the current sDPC setup is limited largely by the low light
intensity on the specimen plane from the LED array. We
employed a planar LED array as the light source, which was
located ∼80 mm from the sample plane. Therefore, rapidly
diverging light from the LEDs resulted in a very small
irradiance on the imaging FoV. This problem may be resolved
using a domed LED array with the integrated collimators. In
doing so, quasi-collimated LED light will be incident onto the
sample plane, thereby increasing the light intensity. Another
strategy for improving the imaging throughput is to implement
sDPC in the format of image-based flow cytometry or
microfluidic devices.26 In such a scenario, the stationary
sDPC performs the imaging while the blood cells continuously
flow across the imaging FoV with the monolayer. However,
sDPC requires three image acquisitions to obtain phase images
at multiple colors, and thus the cells may be positioned at
different locations in the FoV during the DPC image
acquisition. These motion-related issues have recently been
addressed by Kellman et al.70 The implementation of such a
method or other motion-correction algorithms may allow
phase imaging of the flowing RBCs and enable the high-
throughput detection of the RBC indices for a large number of
cells.
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The integration of deep-learning-based methods can also be
considered. In our analysis, we performed extraction of the Hb
concentration and the physical thickness of RBCs based on the
inverse problem set with phase images of multiple colors.
Deep-learning-based approaches may be exploited to decouple
the Hb concentration and physical thickness directly from
quantitative phase images or to obtain RBC indices directly.
To realize this end-to-end detection framework, however, a
large number of sDPC images and the corresponding ground-
truth information are required to train the network. It should
also be emphasized that the sDPC microscope can be readily
transformed into a portable platform integrated with
smartphones. For instance, Jung et al.71 previously demon-
strated a smartphone-based multicontrast microscope based on
color-multiplexed LED illuminations. The state-of-the-art
smartphones are equipped with high-density color image
sensors and high-performance computing resources, and thus
the integration of the color LED arrays into the smartphone-
based microscope and the implementation of sDPC image
reconstruction algorithms in the smartphone-embedded GPUs
could generate a compact and cost-effective detector for RBC
analysis. This small device, if realized, can potentially benefit
healthcare at local hospitals in resource-limited countries.
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