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� Abstract
Red blood cell (RBC) parameters such as morphology, volume, refractive index, and he-
moglobin content are of great importance for diagnostic purposes. Existing approaches
require complicated calibration procedures and robust cell perturbation. As a result,
reference values for normal RBC differ depending on the method used. We present a
way for measuring parameters of intact individual RBCs by using digital holographic
microscopy (DHM), a new interferometric and label-free technique with nanometric
axial sensitivity. The results are compared with values achieved by conventional techni-
ques for RBC of the same donor and previously published figures. A DHM equipped
with a laser diode (k 5 663 nm) was used to record holograms in an off-axis geometry.
Measurements of both RBC refractive indices and volumes were achieved via monitor-
ing the quantitative phase map of RBC by means of a sequential perfusion of two
isotonic solutions with different refractive indices obtained by the use of Nycodenz
(decoupling procedure). Volume of RBCs labeled by membrane dye Dil was analyzed
by confocal microscopy. The mean cell volume (MCV), red blood cell distribution
width (RDW), and mean cell hemoglobin concentration (MCHC) were also measured
with an impedance volume analyzer. DHM yielded RBC refractive index n 5 1.418 �
0.012, volume 83 � 14 fl, MCH 5 29.9 pg, and MCHC 362 � 40 g/l. Erythrocyte MCV,
MCH, and MCHC achieved by an impedance volume analyzer were 82 fl, 28.6 pg, and
349 g/l, respectively. Confocal microscopy yielded 91 � 17 fl for RBC volume. In con-
clusion, DHM in combination with a decoupling procedure allows measuring noninva-
sively volume, refractive index, and hemoglobin content of single-living RBCs with a
high accuracy. ' 2008 International Society for Advancement of Cytometry

� Key terms
digital holographic microscopy; laser scanning confocal microscopy; impedance volume
analyzer; red blood cell volume; MCV; refractive index; mean corpuscular hemoglobin
concentration; MCHC

MATURE erythrocytes (red blood cells, RBCs) represent the main cell type in circu-

lating blood. They can be characterized by specific biconcave shape, high hemoglobin

content, and absence of intracellular organelles such as the nucleus, mitochondria, or

endoplasmic reticulum (1). Parameters such as RBC shape, volume, refractive index,

and hemoglobin content are important characteristics that can be used as good indi-

cators of the body’s physiological state (2). For instance, erythrocyte volume distribu-

tion is altered in patients with anemia, folate and vitamin B12 deficiency, and micro-

cytic anemia (2). The refractive properties of erythrocytes in diabetic patients differ

significantly from those of healthy donors (3). Oxygen saturation also modulates the

hemoglobin refractive index (4). Thus, monitoring the refractive index of erythro-

cytes can be used to assess their level of oxygen saturation. In addition, as the

hemoglobin content is mainly responsible for the refractive index of the RBC, this
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parameter can be used as a measure of the mean cell hemoglo-

bin concentration (MCHC) (5).

The first effort to measure the erythrocyte refractive

index was conducted by perfusing RBCs with solutions of

increasing refractive index until the cells exhibit no contrast

under the phase-contrast microscope (6). Using this tech-

nique, a refractive index of 1.386 was determined for living

erythrocytes (7). Since then a few attempts were made to

assess the refractive index of normal RBCs using different

approaches yielding values ranging from 1.367 to 1.410 (6,8–

11). To assess RBC volume, a few techniques have been imple-

mented including light microscopy (12–14), impedance vol-

ume analysis (15), confocal fluorescence microscopy (16–19),

light scattering (20,21) as well as packed cell volume (PCV)

calculation (22). These studies determined the volume of

normal individual erythrocytes to be 80–120 fl, depending on

the technique employed.

Recently, a new emerging imaging approach, namely

quantitative phase microscopy (QPM) has been demonstrated

to provide accurate 3D imaging of transparent living cells

(11,23–25). Although transparent specimens differ only

slightly from their surrounding, in terms of optical properties,

they have the capacity to induce wave front phase retardation

on the transmitted wave. This natural phase retardation con-

trast, proportional to the thickness of the observed specimen,

is a result of the difference in refractive indices between the

specimen and the surrounding medium. Consequently, unlike

traditional contrast-generating modes such as phase contrast

(PhC), initially proposed by F. Zernike (26) or Nomarski’s

differential interference contrast (DIC) (27), QPM not only

allows the visualization of transparent biological specimens

but also provides quantitative information about both cell

morphology and intracellular content related to the refractive

index (25). The QPM technique we have developed, called

digital holographic microscopy (DHM) is an interferometric

approach based on the holographic principle (28). Briefly,

from a single recorded hologram, quantitative phase images of

living cells can be reconstructed by a numerical process (29).

This numerical processing of holograms presents the great

advantage of offering the means not only to reconstruct quan-

titative phase image but also to achieve a numerical compen-

sation for aberration (30) and experimental noise (time drift,

vibration, etc.). Consequently, although classical interfero-

metric phase shift measurements are very sensitive to experi-

mental noise (lens defects, vibrations, thermal drift, etc.),

DHM allows to quantitatively measure phase shift corre-

sponding to a fraction of the wavelength of the coherent light

wave used, e.g., a few nanometers, with a high temporal stabil-

ity and without using very demanding and costly opto-me-

chanical designs as required by conventional interferometric

techniques. This explains why very few attempts to use con-

ventional interferometric techniques have been reported in

biology for real time living cell imaging. Nevertheless, inter-

ferometry was first used in 1957 by Barer (6) to measure

refractive properties of RBC and later by Evans and Fung

to measure erythrocyte dimensions (9).

As previously mentioned, the reconstructed quantitative

phase image contains information about both the morphology

and the refractive index of the monitored transparent speci-

men. As this dual information is intrinsically mixed, some

strategies have been developed to separately assess the mor-

phology and the refractive index. Kemper et al. (31) and Lue

et al. (32) measured the cell integral refractive index by trap-

ping cells between two cover glasses, whose distance apart is

experimentally determined. On the other hand, a combined

method has been proposed involving confocal microscopy to

determine cell thickness and QPM to calculate the intracellular

refractive index (33). We have developed a specific decoupling

procedure, based on a concept initially proposed in (6,9),

allowing to directly calculate from the quantitative phase sig-

nal the corresponding cell morphology and integral refractive

index. This procedure is particularly useful for measuring,

under the same experimental conditions, both cell morphol-

ogy changes and associated integral refractive index modifica-

tions occurring during biological processes (34).

In this article, we demonstrate the applicability of the

DHM technique, in combination with a decoupling proce-

dure, for the precise measurements of refractive indices and

volumes of intact individual erythrocytes. The obtained values

of erythrocyte mean cell volume (MCV), refractive index, and

mean corpuscular hemoglobin (MCH) and concentration

(MCHC) are compared with values obtained by an impedance

volume analyzer, a laser scanning confocal microscope, and

reference values found in the literature.

MATERIALS AND METHODS

Cell Preparation

RBCs were prepared according to Fairbanks (30), with

small modifications (35). In short: 100–150 ll of blood was

drawn from healthy laboratory personnel by fingerpick, col-

lected, and diluted at a ratio of 1:10 (v/v) in cold HEP buffer

(15 mM HEPES pH 7.4, NaCl 130 mM, KCl 5.4 mM, and 10

mM glucose). Blood cells were sedimented at 200g, 48C for 10

min and buffy coat was gently removed. RBCs were washed

twice in HEP buffer (1,000g 3 2 min at 48C). Finally, erythro-
cytes were suspended in HEPA buffer (15 mM HEPES pH 7.4,

130 mM NaCl, 5.4 mM KCl, 10 mM glucose, 1 mM CaCl2, 0.5
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mM MgCl2, and 1 mg/ml bovine serum albumin) at 0.2%

hematocrit. The erythrocyte suspension was introduced into

the experimental perfusion chamber consisting of two cover

glasses separated by spacers 1.2 mm thick, and incubated for

20 min at 378C. This allows the erythrocytes to adhere to the

glass coverslip. Unattached cells were removed by gently per-

fusing the chamber with HEPA solution. The chamber was

then mounted on the DHM stage, and holograms were

acquired and numerically reconstructed online using a cus-

tom-made C11 software (36). Neither erythrocyte shape

transitions nor volume changes were detected throughout the

experiment. All experiments were conducted at room temper-

ature (�228C). For the decoupling procedure presented later,

either 60 mM mannitol or 60 mM Nycodenz (HistoDenzTM,

Sigma) was added to the HEPA buffer. In addition, water was

added to preserve the osmolarity of 298 mOsm (measured

with a freezing-point osmometer (Roebling, Germany)). The

perfusion chamber was placed in the setup about 1 h before

imaging to prevent drifts (thermal or mechanical) during the

recording period.

Digital Holographic Microscope Experimental Setup

The experimental setup is a modified Mach-Zehnder

configuration (Fig. 1A). A vertical cavity surface emitting laser

(VCSEL, Firecomms) is used to produce an illumination light

at 663 nm. Light transmitted by the specimen and collected by

a Nikon Plan Apo 60 3 0.95 NA microscope objective (MO)

forms the object wave O, which interferes with a reference

wave R to produce the hologram intensity IH recorded by the

digital camera (Fig. 1B). Holograms are recorded in an off-

axis geometry, i.e., the reference wave reaches the CCD camera

(Basler A101f) with a small incidence angle (�18) with respect

to the propagation direction of the object wave. The pixel size

on the camera (6.7 lm) corresponds to a size of 0.161 lm on

the image plan.

A detailed description of the algorithm used for hologram

reconstruction in such an off-axis configuration and aberra-

tion compensation have been previously described in (29,36).

Images were acquired at 1 Hz. The reconstruction process

is achieved in real-time ([15 images/s) using a standard PC

computer (Pentium IV, 3.2 GHz).

Decoupling Procedure

According to (34), the separate measurements of the inte-

gral refractive index ðnc;iÞ and the cell thickness have been per-

formed by measuring cell phase mapping, sequentially, in two

iso-osmolar perfusion solutions of different refractive indices.

Specifically, the refractive index of the second solution is

increased by replacing mannitol (a hydrophilic sugar present

in the standard perfusion solution) with equal molarity of the

hydrophilic molecule Nycodenz. Typically, the addition of 4%

w/v of Nycodenz increases the refractive index of the solution

by dn 5 0.006. The different refractive indices have been pre-

cisely measured with a 2 WAJ Abbe refractometer at the wave-

length of the VCSEL laser diode. Complementary experiments

have shown an inertness and impermeability of mannitol and

Nycodenz (data not shown).

The phase signal, for each pixel i, recorded with mannitol

can be expressed as:

u1;i ¼
2p
k
ðnc;i � nmÞhi ð1Þ

and with Nycodenz as:

u2;i ¼
2p
k
ðnc;i � ðnm þ dnÞÞhi ð2Þ

where nm and nm1 dn are the refractive indices of the two dif-

ferent perfusion solutions, hi the cell thickness and nc;i is the

integral refractive index defined as the mean value of the intra-

cellular refractive index along the cell thickness hi (34). By

solving this equation system, the nc;i and hi values, for each

pixel i, are obtained.

However, to minimize the effect of erythrocyte sub-

micromovements occurring over the 60 s solution exchange

Figure 1. (A) Basic configuration for an inverted digital holographic microscopy (DHM). A VCSEL laser diode produces the coherent light

(k 5 663 nm), which is divided by a 50/50 beam splitter (BS). The specimen (S) is illuminated by one beam through a condenser (C).

A microscope objective (MO) collects the transmitted light and forms the object wave (O), which interferes with a reference beam (R) to

produce the hologram recorded by the digital CCD camera. The sample is mounted in a closed perfusion chamber used to apply the

different solutions; (M) mirrors. (B) Typical example of a hologram acquired by the camera (512 3 512 pixels). (C) Typical quantitative

phase image of erythrocytes.
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time, the hi values have been calculated by using, as a first

approximation, the mean integral refractive index (nc) for

each cell nc ¼ 1
Nc

PNc

i¼0 nc;i rather than nc;i (34). As far as RBCs

are concerned, the mean refractive index measurements of dif-

ferent erythrocyte regions do not present statistically signifi-

cant spatial variations. Such a spatially homogeneous intracel-

lular refractive index is consistent with a homogeneous eryth-

rocyte cytoplasm containing no organelle and strengthens the

appropriateness of the nc approximation. The procedure of

exchange of the extracellular medium was repeated three times

to improve measurement accuracy. Each time the experimen-

tal chamber was perfused with �1003 the chamber volume to

ensure complete solution exchange.

Confocal Laser Scanning Microscopy

The RBCs prepared in HEPA solution were incubated

at 378C for 20 min with 3 ll/ml of the lipophilic plasma

membrane dye Vybrant Dil (Molecular Probes, excitation

peak: 549, emission peak: 565) and washed twice in HEPA

buffer before being mounted between two coverslips. The

preparation was imaged with a Plan Apo 63x/1.3 NA glycerol

immersion objective on an inverted Leica TCS-SP2 AOBS

confocal laser scanning microscope. The preparation was illu-

minated with a 561-nm DPSS laser and the emission was col-

lected between 580 and 700 nm. The lateral and axial sampling

intervals were of 107 and 163 nm, respectively. Images were

recorded in 12 bits format. The pinhole was set to 1 Airy unit.

Images were deconvoluted using the Maximum Likelihood

Estimation (MLE) algorithm in Huygens2 (Scientific Volume

Imaging, Netherlands) with a theoretical point-spread func-

tion (PSF).

The z-stacks were converted to tiff 16 bits images and

imported into ImageJ 1.38v (http://rsb.info.nih.gov/ij/ Wayne

Rasband, NIH), for processing. Specifically, images were

smoothed twice and converted to binary using the threshold

option. The cytoplasm regions having a pixel value of zero

(not stained by the membrane specific dye) were manually set

to one. 3D erosion was also applied until the edge of the binar-

ized stack best fit the maximum intensity of the fluorescent

halo around the membrane. This was achieved with the 3D

toolkit option Morphological Erode 3D (http://ij-plugins.

sourceforge.net/ij-3D-toolkit.html). The cell projected area

(sensor area covered by the cell) was determined in ImageJ by

measuring the surface of the maximum intensity projection.

Finally, the stacks were imported into Imaris 6.0 (Bitplane AG,

Switzerland) to measure the volume with the isosurface tool.

A second channel with the deconvoluted fluorescent data was

added to visually check whether the surface correctly estimates

the cell volume (cf. Fig. 3).

Impedance Volume Analyzer

The mean corpuscular volume (MCV) and RBC distribu-

tion width (RDW, a measure of the variation of the RBC vol-

ume) were measured with a Sysmex KX-21 Impedance volume

analyzer, an apparatus commonly used in hematology labora-

tories to obtain complete blood count from patients. A 50-ll
sample of whole blood was analyzed. The cells were suspended

in the Cellpack PK-30l medium (Sysmex) and lysed with the

Stromatolyser-WH medium (Sysmex) for the hemoglobin

measurement. The stability of the apparatus was assessed

before each experimental day by a calibration essay (Eightcheck-

3WP, Sysmex).

The KX-21 quantifies the hemoglobin concentration by

measuring the optical density of lysed erythrocytes and com-

paring it with a calibration curve of various concentrations of

hemoglobin.

Quality Assurance

Digital holographic microscope. DHM as an interferometric

method uses laser wavelength, which is rather constant, as an

intrinsic standard. It is not sensitive to laser power instability.

The low coherence laser source of DHM is used in conjunction

with an interferential band-pass filter to ensure perfect stabil-

ity and a precise wavelength, specified to a precision of 0.018.
To ensure quality holograms, special attention was paid to

achieve high coherence between the object beam and the refer-

ence beam. For this purpose, the DHM-1000 is equipped with

a motorized system allowing automatic correction of the

length of the optical path of the reference arm. Automatic

adjustments of the optical path’s length as well as the illumina-

tion intensity ratio between the object arm and the reference

arm were performed before each experiment and rechecked

each hour. CCD camera settings (gain, shutter time, and grey

level) were carefully chosen by analysis of the histogram of

pixel values of the hologram to guarantee that the image

intensity is within the CCD dynamic range without over- and

under-exposed pixels.

The calibration of the DHM setup in XY dimensions was

performed using USA Airforce standard (USAF 1951). The

vertical calibration along Z-axis is intrinsically linked to the

phase measurements. Overall performance of DHM was

checked employing 6.42-lm polystyrene beads with refractive

index 5 1.59 (Spherotech, Libertyville IL). Diluted beads sus-

pension in water was put onto a microscopic slide and dried.

A drop of glycerol-based mounting media with refractive

index of 1.46 (Vectashield, Vector Labs, USA) was layered up

and the slide covered with glass coverslip. Results of DHM

analysis of 68 beads are shown in Supplementary Figure 1.

Averaged diameter in XY plane is 6.74 � 0.75 lm (11.07%;

mean � standard deviation, STD) and 6.70 � 0.67 lm
(9.99%) in Z-direction (height deduced from the phase shift

and the knowledge of the bead refractive index). A sphericity

index is 1.005 � 0.025 (2.46%). Small contamination of the

sample with the beads of two other grades can be seen (Sup-

plementary Fig. 1). The averaged XYZ bead diameter for the

main peak is 6.49 � 0.084 (1.29%), which is very close to the

manufacturer data of 6.42 lm with STD of 2% determined by

light scattering.

The stability of the experimental setup to XY drift was

checked by analyzing center of mass position of individual

beads as well as of individual RBCs employing Matlab-based

software. In both cases, the center of mass maximal translation

in X and Y direction did not exceed 0.7 pixel over 5-min

recordings (data not shown).
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Confocal laser scanning microscope. The quality assessment

of our microscope was made according to the guideline

provided in (37,38). If applicable, all tests were achieved in the

same experimental conditions as the one used to image the

RBC.

A homogenous field illumination was observed (by re-

cording the image of a mirror) allowing to obtain a satisfac-

tory stability during the 1 min recording time needed to image

a single RBC. The stability of the light source spectrum

(assessed with a HR2000 spectrometer, Ocean Optics) was also

stable (less than 0.5 nm variation) during the typical recording

period.

In addition, the vertical and horizontal stabilities of the

scanner were assessed by measuring a grid pattern. Experi-

mentally, no significant instability was observed in horizontal

pattern, whereas a\100-nm shift was sometimes observed in

vertical lines (due to the x-bidirectional scanning used to

monitor RBC at a maximum speed to minimize cell move-

ments).

The lateral resolution of our setup (at the 561 nm light

source wavelength) was assessed by imaging 200 nm beads

(Invitrogen). The full width at half maximum (FWHM) is of

around 361 nm. The axial resolution was measured according

to (37). We obtain a FWHM of around 464 nm. More details

can be found in Supplementary Figures 2–6.

In addition to this one-time quality assessment, a per-

formance check of the setup is routinely achieved. It consists

in cleaning the microscope (microscope objective, filters, etc.),

performing an optimization of the field illumination (Köhler

illumination), and recording a point spread function of a 500-

nm bead (Invitrogen), excited at 543 nm and recorded at 550–

600 nm. Visual inspection of the recorded PSF and compar-

ing it with a standard allows to monitor any changes in

its shape (symmetry), reflecting a suboptimal microscope

configuration.

Lastly, to ensure an optimal stability, the microscope and

light source were turned-on 1.5–2 h before recording.

Impedance volume analyzer. A quality control of the Sysmex

KX-21 is achieved before each day of experiments by a calibra-

tion assay. It consists in measuring a control blood sample

(Eightcheck-3WP, Sysmex) and comparing the results with a

normal range of value given by the manufacturer for eight pa-

rameters (WBC, RBC, HGB, HCT, MCV, MCH, MCHC, and

PLT). If the results are outside this range, the apparatus needs

to be calibrated.

The calibration procedure is achieved according to the

recommendation of Sysmex KX-21 user guide. At least five

samples of a healthy subject are used. Hemoglobin content

(HGB) and hematocrit (HCT) of the subject are determined

using another calibrated apparatus (recommended method:

norm DIN 58931 for HGB and norm DIN 58933 for HCT).

The blood samples are then measured with the Sysmex KX-21.

At the end of the calibration procedure, any divergence

between the results of the Sysmex and the other calibration

apparatus are corrected by a compensation factor stored in

the Sysmex software.

RESULTS

DHM

Refractive indices of individual erythrocytes placed in the

perfusion chamber were determined by employing the decou-

pling procedure and calculations based on Eqs. (1) and (2). RBC

integral refractive index (nc) calculated over a sample of 36 ery-

throcytes was found to be 1.418 � 0.012 (mean � STD). From

the knowledge of refractive indices of individual cells, one can

easily translate phase signals into cell thickness (Fig. 2). This

figure represents a typical DHM image of biconcave-shaped

erythrocytes, 3D reconstruction of selected RBCs, as well as a

thickness profile taken at the cell central cross-section.

Cell volumes have been estimated from morphometry

images by the following expression:

Vc ffi
Spixel

M2

X
i2Scell

hi; ð3Þ

where hi is the cell thickness corresponding to pixel i, Spixel is

the pixel area of the reconstructed image, and M the DHM

magnification. The summation is achieved over the erythro-

cyte-projected surface Scell (sensor area covered by the cell).

The determination of the erythrocyte contour and therefore of

the pixels forming Scell has been performed on individualized

Figure 2. (A) Thickness distribution of human erythrocytes. The cell contour (light blue line) is determined by a classical gradient-based

edge detection algorithm. The mean refractive index and the measured volume of selected cells are: n 5 1.396 and v5 99.3 fl, respectively.

(B) Pseudo 3D representation of the cell thickness of an erythrocyte (raw image). (C) Thickness profile obtained in central cross-section of

the cell. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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erythrocytes by a classical gradient-based edge detection algo-

rithm (blue line in Fig. 2A). Considering the effective lateral

resolution of the microscope objective (0.5 lm) as well as the

hi measurement fluctuations, we obtain a volume estimation

with an accuracy of �6 fl. The erythrocyte diameter (d) has

been estimated by considering the diameter of the circle

having the erythrocyte area,

d ffi 2

M

ffiffiffiffiffiffiffiffi
Scell

p

r
: ð4Þ

Taking into consideration the DHM lateral resolution, the pre-

cision of the measured Scell is of �9 lm2. Table 1 presents the

mean and standard deviation of the erythrocyte volume, the

diameter, and the intracellular integral refractive index (nc)

calculated over a sample of 36 erythrocytes. The third line

shows the mean temporal difference (Dift) over the considered

RBC sample, defined as the absolute difference of the consid-

ered parameter calculated with the DHM on a set of two

values measured 3 min apart on the same cell. It may be seen

that measurements are rather stable with Dift being much less

than STD, determined by intercellular differences.

Calculation of Hemoglobin Content

In the case of RBCs, which are mainly composed of he-

moglobin, the phase signal can be directly related to the mean

corpuscular hemoglobin (MCH) as proposed by Barer (39).

MCH ¼ 10ukScell
2paHb

; ð5Þ

where u is the mean phase shift induced by the whole cell, k is

the wavelength of the light source of the setup (663 nm), Scell
is the projected cell surface, and aHb 5 0.00196 dl/g is the he-

moglobin refraction increment at 663 nm. This formula allows

to directly and noninvasively measure the MCH of single RBC

(without using the decoupling procedure). The experimentally

measured MCH is 29.9 pg/cell (n5 36).

Knowledge of the MCV, obtained with the decoupling proce-

dure, allows to calculate the MCHC of individual red cells by

dividing MCH by MCV. A mean MCHC value of 362 g/l is

obtained.

Confocal Laser Scanning Microscopy

Figure 3 shows a typical isosurface rendering of an eryth-

rocyte imaged with the confocal laser scanning microscope

after deconvolution, allowing to observe, in particular, the

typical biconcave shape corresponding to a healthy cell shape.

The cell diameter has been calculated by Eq. (4), where

Scell is taken from the binarized confocal z-slice located at the

mean height of the cell. Table 1 presents the mean and stand-

ard deviation of erythrocyte volume as well as the diameter

calculated over a 34-erythrocytes sample with the confocal

microscope. The precision of volume estimation is mainly

affected by the deconvolution procedure, the resolution of the

setup, and the spreading of the fluorescent halo around the

membrane of the cell (Fig. 3). Considering these effects, we

are able to measure erythrocyte volume with an accuracy of

about 25%.

Table 1. Results of the measurements of normal erythrocytes by different techniques

TECHNIQUE VOLUME [fl] SURFACE [lm2] DIAMETER [lm] REFRACTIVE INDEX MCH [pg/cell] MCHC [g/l] N

DHM

Mean 83.3 46.7 7.7 1.418 29.9 362

STD 13.7 5.9 0.5 0.012 4.4 40 36

Dift 5.7 – – 0.006 – 7

CLSM

Mean 90.7 46.9 7.7 – – –

STD 16.7 6.8 0.6 – – – 34

Impedance volume analyzer

Mean 81.8 – – – 28.6 349

RDW2SD/CV 40.8/12.7 – – – – – �3 3 105

aDHM, digital holographic microscopy; CLSM, confocal laser scanning microscopy; impedance volume analyzer (Sysmex KX-21). N,

number of cells; STD, standard deviation for cell population; Dift, averaged difference of individual cells for measurements taken at differ-

ent times; RDW, red cell distribution width (expressed as coefficient of variation (CV, %) or standard deviation (SD, fL)).

Figure 3. XZ cut into the 3D distribution of the fluorescent inten-

sity after deconvolution (gray) showing the isosurface inside it

(black [red in online color version]). The surface closely follows

the maximum of intensity of the fluorescent dye Dil incorporated

into the erythrocyte membrane. The measured volume and diam-

eter of this cell are 113 fl and 7.6 lm, respectively. [Color figure
can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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Impedance Volume Analyzer

The distribution of erythrocyte volumes was measured by

electronic cell counting (n 5 6 samples of �50,000 cells each).

Because of the large number of cells analyzed, this technique

allows to obtain the RBC volume distribution curve (Fig. 4).

The presence of a single peak indicates the existence of a

homogeneous erythrocyte population. The values obtained

with the Sysmex KX-21 Impedance volume analyzer are as

follows: MCV 5 82 fl, RDW-SD (standard deviation) 5 41 fl,

and RDW-CV (coefficient of variation) 5 12.7% (Table 1).

The optically measured MCH and MCHC obtained with the

Sysmex KX-21 are 28.6 pg/cell and 348 g/l, respectively.

DISCUSSION

DHM quantitatively measures optical phase shift, which

provides quantitative information about both cell morphology

and intracellular content related to the refractive index.

Because of its high phase sensitivity and temporal stability,

DHM enables the monitoring of fine dynamic processes in a

living material with a great ease of use (25). In this study, we

exploited such advantages to measure the refractive index of

intact human RBC with a high accuracy.

Although the refractive index seems to be very sensitive

to pathological alterations and thus to be important in diag-

nostics (3), only few attempts were previously made to assess

this parameter. The situation may be explained by the com-

plexity and inaccuracy of existing approaches. For example,

the approach of Barer (6) involves an arbitrary judgment of

the point when the erythrocytes sample and the solution of

high concentration of albumin with n 5 1.386 exhibit mini-

mum contrast under the phase microscope. Others (9) directly

measured the hemolyzed content of erythrocytes or the refrac-

tive index of packed cells. However, in both cases RBCs were

far from their native state. Ghosh et al. (8) had found n 5

1.405 and 1.410 for two normal volunteers by analyzing the

angular dependence of laser light scattering from dense RBCs

preparations. This approach uses the isovolumetrical sphering

of RBCs due to difficulties in calculating light scattering from

a biconcave discoid RBC. However, the procedure of sphering

(40) itself can introduce artifacts. Defocusing microscopy (10)

raised the value of n 5 1.381 � 0.005 for human RBC, but

this technique requires exact knowledge of the RBC’s height.

Curl et al. (11) used a hypotonic agent to sphere the rat RBCs

and measure their refractive index (n 5 1.367) by QPM. This

approach could underestimate the refractive index as the hy-

potonic shock causes a water entry into the cell. The value of n

5 1.418, which we report in this work, is in the range of pre-

viously reported values but should be more precise as minimal

RBC perturbation was employed and measurements were per-

formed with high accuracy.

Another important RBC parameter, the cell volume, can

be estimated as PCV-packed cell volume (22). In this

approach, RBCs are subjected to prolonged 30 min centrifuga-

tion under relatively high centrifugal acceleration of 1,200–

2,500g. To correct measurements for entrapped water, a radio-

active label should be added for precise determinations (41).

The volume of individual erythrocytes can be calculated by

dividing the PCV by RBC count that generally yields a value

of 90 fl. Such approach is laborious and time consuming, and

alternative flow cytometry techniques are used now in the rou-

tine laboratory practice. One such flow cytometry technique is

based on the detection of changes in electrical resistance pro-

duced by nonconductive particles such as cells suspended

in an electrolyte when they pass through a narrow orifice

(Coulter principle, (15)).

Another flow cytometry approach is to measure the

amount of light scattered by individual red cells flowing

through a narrow sensing aperture (20,21); this technique

allows for the independent measurement of the cell volume

and mean hemoglobin concentration derived from the mean

refractive index. On the other hand, one of the most sophisti-

cated ways of estimating single cell volume is by confocal laser

scanning microscopy (CLSM) (16–19). Indeed, the use of

lipophilic fluorescent dyes to generate a specific cell membrane

contrast or observation of autofluorescence and digital image

processing of the image sets, consisting of serial optical sec-

tions across the cell, allows obtaining a 3D model of an indivi-

dual cell. In particular, volume and shape estimation of living

RBC have been obtained (42).

Figure 5 compares the results of volume measurements

performed on the blood samples from the same healthy donor

achieved by different techniques: Box plot distribution

obtained with Sysmex KX-21 impedance volume analyzer

(extrapolated from Fig. 4), CLSM and DHM, as well as some

results from previous studies and the typical textbook value of

92 � 9 fl (22) are indicated.

Figure 5 shows good agreement between results obtained

by DHM and with the impedance volume analyzer. Results

obtained by confocal microscopy are slightly higher, as results

obtained in the literature with similar techniques such as light

microscopy or CLSM. For example, Jay (12) using the

approach described in (14), based on photographing indivi-

dual RBCs hanging on edge, reports a typically MCVof 104.2.

Figure 4. A representative frequency distribution of erythrocytes

volumes measured with the Sysmex KX-21 impedance volume

analyzer. MCV 5 81.9 fl, RDW2SD 5 40.7 fl, RDW-CV (graphically

obtained) 12.7%.
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Difato et al. (42) obtained a value of 105 � 5 fl for fixed RBCs

by means of confocal microscopy and deconvolution proce-

dures for calculations. The higher MCV values obtained with

these techniques compared to DHM and impedance volume

analyzer can be explained by the difficulty to precisely deter-

mine the cell edge and the need to use delicate deconvolution

and analysis procedure (as described in this article and in

(42)).

In Coulter sizing instruments, the magnitude of the resis-

tive pulse generated by a cell depends not only on the cell vol-

ume but also on the cell shape. Rod-like particles traversing

the instrument’s orifice are thought to rise an electric pulse of

‘‘ideal’’ form, whereas signals obtained from spherical or disk-

like particles need to be corrected by a shape factor (43). The

shape dependence is even more complicated by the deforma-

tion the cells undergo while traversing the aperture (44). Thus,

cytoplasmic viscosity (dependent on hemoglobin concentra-

tion in RBC) significantly influences cell deformation. There-

fore, erythrocyte volume measurements are affected by hemo-

globin concentrations, a quantity that varies from one cell to

another (45). The parameters used for the measurement

including dimensions of aperture and magnitude of electrical

current also influence the shape of the volume distribution

measured (46), for instance pulses from cells whose trajec-

tories are close to the orifice can artificially broaden the vol-

ume distribution of the high volume side (as observed in Fig.

4). In practice, Coulter instruments are calibrated (47) by

means of latex beads to obtain values for RBC mean cell vol-

ume close to that obtained by PCV. The same is true with

another flow cytometry approach based on the light scattering

by individual red cells flowing through a narrow sensing aper-

ture. In this approach, the cells have to undergo an unphysio-

logical isovolumetric spheric change before measurement

(40). As PCV determination implies long and relatively strong

centrifugation, the RBC can lose part of its water and the

resulting MCV may be less than for intact unstressed RBC as

suggested previously (13).

Concerning the hemoglobin content measurement, the

MCHC results obtained with DHM (362 � 7 g/l, mean �
standard error of the mean) are in good agreement with those

obtained with the impedance volume analyzer (349 � 12 g/l,

mean � accuracy given by the manufacturer). The Sysmex

KX-21, which compares the optical density of lysed erythro-

cytes versus a calibration curve, allows to obtain a very precise

measurement of the MCHC of cell populations and provides

high throughput but is highly invasive as cell lysis is required.

On the contrary, DHM measures the hemoglobin concentra-

tion of individual cells in a manner that is independent on the

shape and state of the cell. The ability of DHM to measure the

MCHC of erythrocytes independently and accurately may

allow for the objective evaluation of the biological variation of

this parameter in various RBC disorders such as anemia.

DHM is a new challenging interferometric imaging tech-

nique. In combination with the decoupling procedure, it

allows to establish noninvasively the volume and intracellular

refractive index of living cells with high accuracy. Specifically,

the DHM measurements of erythrocyte volume and refractive

index are in good agreement with data obtained by the more

traditional techniques. Unlike flow cytometry, DHM does not

currently exhibit high throughput capabilities but allows mon-

itoring and measuring parameters (morphology, refractive

index, MCHC) of individual erythrocytes. Further develop-

ments of the DHM technique, by applying automatic algo-

rithms of analysis and increasing output capabilities, may pro-

mote it as the method that reveals subpopulations based on

the parameters measured at a single cell level. On the other

hand, DHM permits online tracking of changes in individual

cells during, for example, osmotic fragility test or shear stress.

It does not require utilization of fluorescent probes and

employing of delicate and time-consuming deconvolution and

image analysis procedures such as CLSM. Using DHM, the in-

tracellular hemoglobin content of individual cells, a parameter

altered in various pathological states, can be directly estimated

from the phase measurements.
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