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Abstract. Blood smear analysis has remained a crucial diagnostic tool
for pathologists despite the advent of automatic analyzers such as flow
cytometers and impedance counters. Though these current methods
have proven to be indispensible tools for physicians and researchers
alike, they provide limited information on the detailed morphology of
individual cells, and merely alert the operator to manually examine a
blood smear by raising flags when abnormalities are detected. We
demonstrate an automatic interferometry-based smear analysis tech-
nique known as diffraction phase cytometry �DPC�, which is capable
of providing the same information on red blood cells as is provided by
current clinical analyzers, while rendering additional, currently un-
available parameters on the 2-D and 3-D morphology of individual
red blood cells. To validate the utility of our technique in a clinical
setting, we present a comparison between tests generated from 32
patients by a state of the art clinical impedance counter and DPC. ©
2010 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3369965�
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Introduction

xisting clinical technologies used to characterize patient
lood such as impedance counters and flow cytometers,
hough very effective in terms of throughput, offer limited
nformation, are expensive, bulky, costly to maintain, and of-
en require careful calibration. Though there have been reports
f using high throughput cytometers to characterize red cell
orphology,1 this approach is limited, as it only provides a

eneral description of shape �e.g., ellipsoid versus spherical�
nd is unable to provide the resolution required for aiding in
ifferential diagnosis. Automated counters are thus designed
o produce accurate measurements of normal blood and to
lert the technician with “flags” when numerical abnormali-
ies exist, so that a smear can then be prepared and examined.2

ven though automated blood analyzers have reduced the
umber of samples that require smears to 15%, the examina-
ion of a smear is still an indispensible tool in providing dif-
erential diagnosis �commonly for anemias and thrombocy-
openia�, recommending further tests, speedy diagnosis of
ertain infections, and the identification of leukemia and

ddress all correspondence to: Gabriel Popescu, University of Illinois at
rbana-Champaign, Beckman Institute for Advanced Science and Technology,
epartment of Electrical and Computer Engineering, Quantitative Light Imaging
aboratory, 405 North Mathews Avenue, Urbana, Illinois 61801. Tel: 217-333-
840; Fax: 217-244-1995; E-mail: gpopescu@illinois.edu
ournal of Biomedical Optics 027016-
lymphoma.3 Despite the ability of the automated instruments
to measure volume and hemoglobin concentrations, they are
unable to accurately measure morphologic abnormalities and
variations in shape at the single cell level, and thus a patholo-
gist is required to manually examine a smear. Other modern
methods that can be used for accurately assessing red cell
morphology, such as confocal microscopy, suffer from com-
plicated procedures and the need for using specialized exog-
enous contrast agents.

We employ an optical interferometry technique, diffraction
phase cytometry �DPC�, which is also designed to produce
accurate measurements of normal blood, and in addition is
capable of characterizing specific morphological abnormali-
ties in diseased blood. The simplicity and versatility of the
DPC technique have been previously demonstrated by com-
bining it with CD-ROM technology for characterizing red
blood cells �RBCs�.4 By giving access to detailed 2-D and
3-D morphological parameters such as volume, surface area,
sphericity, diameter, etc., DPC provides new information that
is currently unavailable from commercial instruments. It is
known that the distributions of these parameters and correla-
tions between them reveal physiologically important informa-
tion about a given blood sample.5 For example, the minimum
cylindrical diameter �MCD� can be used to predict the mini-
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um capillary diameter that a given cell can squeeze
hrough.6

We present a comparison between the abilities of the DPC
ystem and a state of the art clinical impedance counter to
easure and characterize RBCs. It is shown that after taking

he mean cell hemoglobin concentration �MCHC� into ac-
ount, the DPC data correlates very well with the impedance
ounter. The advantages of using the DPC are also illustrated
y an analysis of the volume and sphericity distributions ob-
ained from two patients. DPC also has the advantage that it
an be easily implemented as an add-on modality to a micro-
cope without adding any additional preparatory steps to the
aboratory workflow. The results shown here are from mea-
urements on whole blood samples. This further illustrates the
exibility of the technology, as it can be applied to both per-
herial blood smears or to samples stored according to clini-
al protocols. Considering the agreement with current tech-
iques and the detailed morphological information provided
y the DPC, it could prove to be both a powerful diagnostic
ool and a way to improve blood testing efficiency by reduc-
ng the number of cases that require a manual smear analysis.

Materials and Methods
hole blood is drawn from patients at a local community

ospital via venepuncture by a certified phlebotamist and is
tored in EDTA coated containers at room temperature. A
omplete blood count analysis �CBC� is then performed on
ach sample with the Coulter LH50 �Beckman-Coulter� im-
edance counter used for routine analysis in the hematology
aboratory at the hospital. Each sample is marked with a
nique identifier, and all unique personal patient information
name, identification number, etc.� is removed in compliance
ith HIPPA regulations and the University of Illinois Internal
eview Board to maintain patient confidentiality.

The whole blood is then diluted with the same Coulter LH
eries diluent �Beckman-Coulter� used by the impedance
ounter for a final concentration of 0.2% whole blood in so-
ution. This concentration was chosen because it provides an
dequate cell count for comparison with the CBC while being
ow enough to provide sufficient distribution of the cells,
hich is necessary for proper analysis, given the large varia-

ions in patient hematocrit. Following dilution, the sample is
ipetted into a 200-�m-tall chamber, which is made in-house
y punching a hole in double-sided Scotch tape �3 M� and
ticking one side of the tape to a coverslip. After the sample is
ntroduced to the chamber, it is sealed using another coverslip.
his sealed chamber technique reduces the mechanical stress

mposed on the cells during sample preparation, offers precise
ontrol over the sample volume, prevents drying, and reduces
ell translation. The samples are measured 5 min after being
ealed to allow them to settle to the bottom of the chamber
nd to reach a steady state in the solution.

The DPC setup utilized in this experiment uses a diffrac-
ion phase microscope7,8 as its core platform. In short, the
PC setup is a common path interferometer, in which a dif-

raction grating located at the image plane of a microscope is
sed to generate diffraction orders, each containing full spatial
nd phase information of the sample. The zero-order or unde-
iated beam is then spatially low pass filtered using a pinhole
n the Fourier plane so that it can be used as a reference beam.
ournal of Biomedical Optics 027016-
The +1 diffraction order is used as the sample beam, and all
the other orders are blocked. A second lens is then introduced
to project the interferogram onto the charge-coupled device
�CCD� plane for recording. The phase map of the sample is
retrieved from a single CCD exposure by applying a spatial
Hilbert transform.9

For each sample, 1600, 32�32-�m interferograms are re-
corded, which cover a total area of 1.64 mm2. A total of
5.3 min is required to scan this area at a rate of 5 frames /s.
The analysis of the phase images is carried out in MATLAB
�The Mathworks 2008, Natick, Massachusetts� using a cell
detection and analysis software developed in-house. To find
the cells in each image, a standard particle detection algorithm
is used.10 Once the pixels occupied by individual cells are
identified, we can proceed to quantify the 2-D and 3-D mor-
phological parameters of each cell. The 2-D parameters such
as diameter, projected area, and circularity are easily obtained
using region property descriptors available in MATLAB.

To obtain physiologically relevant and accurate 3-D pa-
rameters from the retrieved phase map, we translate it to a
height map using an index of refraction calculated based on
the mean cell hemoglobin concentration of each sample, as
measured by the impedance analyzer. Due to the linear depen-
dence on the protein concentration,11 the refractive index can
be calculated as: nc=n0+�*MCHC, where � is the refractive
increment of hemoglobin �0.002 dL /g� and MCHC is the
concentration of dry protein expressed in g/dL. The phase
map ��x ,y� is then translated to a height map h�x ,y� using
the contrast in refractive index �∆n� between the cells and
surrounding media,

h�x,y� =
�

2��n
��x,y� ,

where �=532 nm is the wavelength of the illumination and
�n=nc-n0. Once the height information is retrieved, the vol-
ume of each cell is calculated by integrating the height map
over the projected area as V=��h�x ,y�dxdy. The surface area
of individual cells is determined using Monge
parameterization,12 where the area of each pixel element dA is
calculated as

dA = dxdy�1 + hx
2 + hy

2�1/2,

where dx and dy are the width and height of each pixel, and
hx and hy are the gradients along the x and y directions, re-
spectively. The surface area of each cell is then the sum of all
the area elements and the projected area, assuming the cell is
sitting flat on the coverslip. Knowing the surface area and
volume, we can calculate parameters such as sphericity �	�
and minimum cylindrical diameter �MCD�. The sphericity 	
of RBCs was first determined as an important parameter by
Canham and Burton.5 It is defined as the ratio between the
surface area �SA� of a sphere with the same volume as the
cell, to the actual surface area of the cell, with values ranging
from 0 �for a laminar disk� to 1 for a perfect sphere, and is
calculated as 	=4.84V2/3 /SA. The MCD, also introduced by
Canham and Burton, is a theoretical parameter that predicts
the smallest capillary diameter that a given RBC can squeeze
through. The MCD is obtained by solving the following poly-
March/April 2010 � Vol. 15�2�2
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omial equation that defines the cell volume: V=SA*MCD
�MCD3 /12.

Overall, for each cell imaged we obtain the following 16
arameters: perimeter, projected area, circular diameter, sur-
ace area, volume, sphericity, eccentricity, minimum, maxi-
um, and mean height, minimum, cylindrical diameter, circu-

arity, integrated density, kurtosis, skewness, and variance.
hus, it is possible to identify and characterize abnormal cells

hat would otherwise be difficult or impossible to detect
anually in a smear. This type of analysis could be utilized

or early detection of diseases, infections, and abnormalities
uch as poikliocytosis2 and malarial infection,13 or for detec-
ion of reactions to treatments such as chemotherapy and bone

arrow transplants.14 If manual analysis of the abnormality is
till necessary to confirm the diagnosis, a physician may sim-
ly examine the cell images that have been labeled as abnor-
al by the DPC system, rather than manually scanning a

mear in search of abnormalities. Given the wealth of infor-
ation available about each cell, it is possible to study the

istributions of and correlations between parameters to estab-
ish the parameters expected from a normal sample and to
haracterize various abnormalities.

Results
n this study, samples from 32 patients were analyzed using
oth a clinical Coulter impedance counter and the DPC sys-
em; with the DPC system we analyzed an average of 828
ells per sample. We show that there is high correlation be-
ween the CBC and DPC data, and provide examples of the
dvantages associated with our interferometric, image-based
ytometry technique.

To evaluate the consistency of the DPC analysis with that
f the Coulter counter, we compared the mean corpuscular
olumes �MCV� obtained by both methods �Fig. 1�. Initially
he data was analyzed assuming a constant refractive index

ig. 1 MCV values measured by DPC versus impedance counter
CBC�. The DPC data is shown before the correction for the refractive
ndex �raw� and after refractive index correction �corrected�. Pearson
orrelation coefficients for both datasets are shown in the legend. The
traight line, included for comparison, represents the CBC MCV
alues.
ournal of Biomedical Optics 027016-
contrast for all samples, which resulted in a weak correlation
�Pearson correlation coefficient, 
=0.52� between the DPC
and CBC volume data �“�” symbols in Fig. 1�. However,
once the MCHC values are taken into account and the refrac-
tive index contrast is corrected according to Eq. �1�, the cor-
relation improves to 
=0.84 �triangular symbols in Fig. 1�.

The MCHC is currently used by pathologists to help diag-
nose abnormalities such as anisochromasia �large variation in
MCHC� and spherocytosis �high MCHC�.3 However, with
current automated counters a pathologist has to manually ex-
amine a smear to confirm diagnosis of spherocytosis or any
other morphological abnormalities that would result in an ab-
normal MCHC distribution. With the current DPC system, it
is possible to provide this diagnosis directly using the sphere-
city index. Figure 2 is an example of a sphericity distribution
obtained from a 97-year-old female patient exhibiting aniso-
cytosis �diagnosed by a large variation in MCV�. By examin-

Fig. 2 Comparison of cells across the sphericity distribution for a
97-year-old female patient exhibiting anisocytosis. i through iv show
examples of cells at the different sphericity values as follows: i. 0.50,
ii. 0.54, iii. 0.57, iv. 0.61, v. 0.65 and vi. 0.72.

Fig. 3 Comparison of volume distributions of a patient exhibiting
anisocytosis versus a normal patient. The DPC measures red cell dis-
tribution width �RDW� values of 12.65 and 16.28 for the normal and
abnormal patient, respectively. More subpopulations are apparent in
the patient with anisocytosis. i through iv show examples of cells at
the different volume peaks as follows: i. 64 fL, ii. 72 fL, iii. 84 fL, iv.
93 fL, v. 102 fL, and vi. 117 fL.
March/April 2010 � Vol. 15�2�3
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ng cell images along the sphericity distribution, the capabili-
ies of the DPC to differentiate between flat and spherical
ells are made clear. If a larger spherocytic subpopulation
ere to exist in this patient, it would appear as a secondary
aximum in the distribution, or could be identified by a posi-

ive shift in the sample’s mean sphericity value.
An important advantage of DPC as an emerging technol-

gy is that it recovers all metrics that are familiar and intuitive
o pathologists, such as the MCV. One disorder that is fairly
ommon and easy to diagnose using the MCV is anisocytosis,
hich is characterized by large variations in the cell volumes

nd quantified by the red cell distribution width �RDW�. Fig-
re 3 shows volume distributions from two patients, one nor-
al and one exhibiting anisocytosis. Again we show images

f cells across the distribution to illustrate the information
vailable about each cell.

This type of analysis enables the DPC system to accurately
dentify the morphological abnormalities that are responsible
or the anisocytosis. Since anisocytosis could be a result of a
ariety of disorders such as thalassemia �decreased globin
ynthesis� and myelodisplastic syndrome �preleukimia�,3 more
etailed information on the cause will aid in a quick and early
utomatic diagnosis of these conditions.

Discussion and Conclusions
e have demonstrated the ability of the DPC system to oper-

te as an automatic blood analyzer, which recovers the param-
ters provided by current clinical instruments. We showed that
he additional set of parameters measured by DPC offers in-
ight into the nature of the numerical abnormalities used to
dentify morphological disorders. Using this type of analysis
an aid in an automatic diagnosis of conditions that currently
equire manual smear analysis. Even though the current DPC
ystem has lower throughput and speed than state of the art
mpedance counters, these are practical issues that can be
vercome due to the rapid advances in automated image ac-
uisition and processing technologies.

The strong dependence of our results on the cell hemoglo-
in content indicates that an accurate measurement of indi-
idual cell protein content needs to be made. A previous
ethod entails measuring the cells in two solutions with dif-

erent refractive indices.15 Though this decoupling method is
n effective way to calculate the refractive index, it may be
mpractical in a clinical setting due to throughput consider-
tions and because exposing the cells to different solutions
ay affect their properties. It has recently been shown that
PC can directly measure single cell hemoglobin concentra-

ion by either utilizing a broadband source16 or by performing
PM at different wavelengths.17 Both of this techniques rely
n the dispersion properties of hemoglobin to infer the protein
oncentration. These new methods free the DPC from relying
n any external measurements and thus greatly add to both its
ractical application in a clinic and its power in aiding differ-
ntial diagnosis.

In conclusion, DPC offers a powerful new blood screening
tility that can be used to aid in making differential diagnosis
y an experienced pathologist. DPC can be simply added on
s a modality to any existing microscope, and no special
ournal of Biomedical Optics 027016-
sample preparation is necessary to integrate it into the clinical
workflow. Furthermore, the outputs of DPC are intuitive mor-
phological characteristics, such as sphericity and skenewss,
meaning that no new specialized knowledge is necessary to
take advantage of DPC. Advancements in spectroscopic phase
measurements, image processing, and computing power will
continue to augment the abilities of DPC, while maintaining
its position as a low cost, high throughput, and highly sensi-
tive instrument.
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