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In this paper, we present a method to automatically quantify the three-dimensional (3D) volume of red 
blood cells (RBCs) using off-axis digital holographic microscopy. The RBCs digital holograms are recorded 
via a CCD camera using an off-axis interferometry setup. The RBCs’ phase image is reconstructed from 
the recorded off-axis digital hologram by a computational reconstruction algorithm. The watershed 
segmentation algorithm is applied to the reconstructed phase image to remove background parts and obtain 
clear targets in the phase image with many single RBCs. After segmenting the reconstructed RBCs’ phase 
image, all single RBCs are extracted, and the 3D volume of each single RBC is then measured with the 
surface area and the phase values of the corresponding RBC. In order to demonstrate the feasibility of 
the proposed method to automatically calculate the 3D volume of RBC, two typical shapes of RBCs, i.e., 
stomatocyte/discocyte, are tested via experiments. Statistical distributions of 3D volume for each class of 
RBC are generated by using our algorithm. Statistical hypothesis testing is conducted to investigate the 
difference between the statistical distributions for the two typical shapes of RBCs. Our experimental results 
illustrate that our study opens the possibility of automated quantitative analysis of 3D volume in various 
types of RBCs. 

Keywords : Three-dimensional image processing, Digital holographic microscopy, Red blood cell
OCIS codes : (090.1995) Digital holography; (100.6890) Three-dimensional image processing; (170.3880) 

Medical and biological imaging

*Corresponding author: inkyu.moon@chosun.ac.kr
 Color versions of one or more of the figures in this paper are available online.

I. INTRODUCTION

Three-dimensional (3D) holographic imaging systems 
[1-10] have been investigated for achieving reliable and 
non-invasive recognition and for identifying biological micro 
/nano organisms [11-14]. The 3D holographic imaging system 
for biological microorganism analysis has a large number 
of biological applications such as medical diagnosis, medical 
therapeutics, bio-medical imaging, defense, and security.

Red blood cells (RBCs) have been extensively studied 
for bio-medical applications. Recent studies on RBCs have 
suggested that transfusions of blood having long storage 
periods or abnormal shapes increase risk after transfusion 
[15, 16] since long storage and abnormal shapes progre-
ssively change the RBCs’ structure and function, which 

may reduce RBC function and viability [15]. Consequently, 
the development of free labelling techniques that allow 
rapid classification of older versus newer red blood cells is 
very useful. In general, most traditional methods of studying 
biological cells such as RBC require biochemical processing, 
which may be time-consuming and labor- intensive. Furthermore, 
the recognition techniques based on two-dimensional imaging 
may not be effective because RBCs are usually semitrans-
parent. Thus, the automatic 3D classification of RBCs can 
be very useful. Otherwise, the RBCs would be investigated 
in very low contrast or invisible under conventional 
microscopy.

Recently developed techniques in 3D holographic mic-
roscopy have provided a high resolution and noninvasive 
examination to identify biological cells [11-14]. In this paper, 
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FIG. 1. Experimental setup for recording the off-axis digital 
hologram of red blood cells.

we propose an automated algorithm to quantitatively measure 
a 3D volume of RBC using digital holographic microscopy 
for the purpose of identifying various types of RBCs. The 
proposed technique for quantitative analysis of a 3D volume 
of RBCs includes 3D sensing, visualization, segmentation, 
and statistical methods. Off-axis digital holographic microscopy 
[17-20] is applied to three-dimensionally sense the RBCs 
[14]. Their original phase images are restored by using 
special numerical algorithms. As part of pre-processing RBCs 
3D volume analysis, it is important to remove the background 
parts and select regions of interest in the restored RBCs’ 
phase image [14]. Here, the watershed segmentation algorithm 
[21] is applied to the reconstructed phase image to obtain 
clear targets in the phase image with many single RBCs. 
After segmenting the reconstructed RBC’s phase image, all 
single RBCs are extracted and the 3D volume of each 
single RBC is then measured via the surface area and the 
phase values of the corresponding RBC. In order to show 
the feasibility of the proposed method, two typical shapes of 
RBCs, i.e., stomatocyte/discocyte, are tested via experiments. 
The statistical distributions of 3D volume for each class of 
RBC [stomatocyte or discocyte] are generated by using our 
algorithm. Statistical hypothesis testing [22, 23] is conducted 
to investigate the differences between the statistical distri-
butions of 3D volume for the two typical shapes of RBCs. 
The experiment results illustrate that the proposed method 
based on digital holographic microscopy can quantitatively 
analyze the 3D volumes of various types of RBCs.

II. AUTOMATIC PROCEDURES FOR RBCs 3D 
VOLUME MEASUREMENT

The off-axis digital holographic imaging system [24, 25] 
is employed for 3D sensing of RBCs, which has been 
described in [20]. As shown in Fig. 1, the off-axis digital 
holograms of RBCs are acquired via a CCD camera. In 
this configuration, a laser beam with a wavelength of 682 
nm is divided into reference and object beams. The object 
beam is diffracted by the RBC specimens. A 40×/0.75NA 
microscope objective (MO) magnifies the diffracted object 
beam. The interference patterns between the diffracted object 

and reference beams in the off-axis geometry are recorded 
by the CCD camera. The numerical algorithms described 
in [17, 18] reconstruct the RBCs’ wavefront or phase image 
from the off-axis digital hologram.

In order to measure the RBC’s 3D volume in the re-
constructed phase image, the watershed segmentation algo-
rithm [21] is applied to the phase image in order to remove 
background parts and obtain clear targets in the phase image 
with many single RBCs [14]. Every single RBC in the phase 
image is extracted individually. Then, the projected surface 
area and phase values are automatically calculated for every 
single RBC, which are utilized to calculate the 3D volumes 
of the corresponding RBCs. The 3D volume measurement 
for a single RBC, which is related with its 3D shape, can 
be given by:

≅



∑ , (1)

where N is the total number of pixels within a single 
RBC, p denotes the pixel size, φ is the phase value of 
each pixel within single RBC, and M is the magnification 
of digital holographic microscopy. In our experiments, the 
RBC refractive index, nrbc, is 1.396 and the index of 
refraction of the HEPA medium, nm, is 1.3334, respec-
tively. In order to investigate whether or not there is a 
statistically significant distinction between 3D volumes of 
different shapes of RBCs, the statistical distribution for the 
3D volume of RBCs is generated by calculating Eq. (1) 
with every single RBC in the segmented phase image. Finally, 
parametric statistical hypothesis testing is conducted for a 
statistical decision.

III. EXPERIMENTAL RESULTS

In our experiments, the off-axis digital holograms of two 
different shapes of RBCs [class 1: RBCs with a stomatocyte 
shape and class 2: RBCs with a discocyte shape] were 
recorded via a CCD camera as shown in Fig. 1 [26]. The 
resolution of the CCD is 1024×1024 and the pixel size is 
10 μm. The phase images of RBCs with different shapes 
were reconstructed from their own off-axis digital holo-
grams using numerical algorithms. Figure 2 shows the 
phase images of two typical shapes of RBCs obtained via 
off-axis digital holographic microscopy. These phase images 
of the two typical shapes of RBCs [stomatocyte/ discocyte] 
were used to exhibit the difference between the RBCs 3D 
volume and their shapes. For the purpose of RBCs 3D 
volume analysis, a watershed segmentation algorithm was 
applied to the RBCs phase images. All single RBCs in the 
phase image were obtained via the segmentation algorithm. 
Figure 3 shows the segmented phase images of class 1 and 
class 2 RBCs, respectively.

Since most single RBCs appear to have two kinds of 
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(a) (b)

FIG. 2. The reconstructed RBCs phase images. (a) Class 1: 
RBCs having a stomatocyte shape (b) Class 2: RBCs having 
a discocyte shape.

(a) (b)

FIG. 3. The segmented RBCs phase images. (a) Class 1: 
RBCs having a stomatocyte shape (b) Class 2: RBCs having 
a discocyte shape.

A part B part C=(A+B) part

FIG. 4. A schematic diagram for three different regions in red 
blood cells (RBCs).

(a) (b)

(c) (d)

FIG. 5. The segmented phase images of the A and B regions 
[see Fig. 4] in the RBCs. (a) Segmented phase image of the A 
part in the class 1 RBCs having a a stomatocyte shape. (b) 
Segmented phase image of the A part in the class 2 RBCs 
having a discocyte shape. (c) Segmented phase image of the B 
part in the class 1 RBCs having a stomatocyte shape. (d) 
Segmented phase image of the B part in the class 2 RBCs 
having a discocyte shape.

regions as shown in Fig. 4, it is better to respectively 
separate the different parts to achieve a comprehensive and 
detailed analysis of the RBCs 3D structure. Here, different 
regions of RBCs are defined in Fig. 4. The C region includes 
A and B parts, where the A part apparently has relative 
lower phase values than those of B part. Most of the A 
part is on the interior of the RBC, while the B part forms 
the boundary of the RBC. 

In order to obtain the different regions in the RBCs, we 
first use the marker-controlled watershed algorithm to 
obtain the C part. Then, the C part is taken as a source 

image, and we can obtain the A part by applying the marker-
controlled watershed. Finally, the B part can be obtained 
by subtracting the A part from the C part. Figure 5 shows 
the segmented phase images of the A and the B parts in 
the reference and input RBCs, respectively.

To conduct a quantitative investigation of the 3D volumes 
of RBCs with two different shapes, the 3D volumes in the 
A, B, and C parts [see Fig. 4] of single RBC are calculated 
using Eq. (1), respectively. To conduct a statistical analysis 
of RBCs volume, the mean and standard deviation of the 
volume of the A part in RBCs with a stomatocyte shape 
are computed to be 7.6 μm3 and 7.2 μm3, while these values 
in RBCs with discocyte shape are 14.6 μm3 and 8.0 μm3, 
respectively. Figure 6 shows the statistical distributions of 
RBC volume of the A part in the two different shapes of 
RBCs. 

Figure 7 shows the statistical distributions of 3D volume 
of the B part in the two different shapes of RBCs. The 
mean and standard deviation of the volume of the B part 
in RBCs with a stomatocyte shape are computed to be 
41.5 μm3 and 14.7 μm3, while these values in RBCs with 
a discocyte shape are 32.7 μm3 and 7.3 μm3, respectively. 

Figure 8 shows the statistical distributions of 3D volume 
of the C part in the two different shapes of RBCs. The 
mean and standard deviation of the volume of the C part 
in RBCs with a stomatocyte shape are computed to be 
78.7 μm3 and 17.9 μm3, respectively, while these values in 
RBCs with discocyte shape are 90.0 μm3 and 25.3 μm3, 
respectively. It is noted that the average volume in an RBC 
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FIG. 6. Statistical distributions of the 3D volume in A part for 
two typical shapes of RBCs. The solid line is RBCs having a 
stomatocyte shape. The dotted line is RBCs having a 
discocyte shape.

FIG. 7. Statistical distributions of the 3D volume in B part for 
two typical shapes of RBCs. The solid line is RBCs having a 
stomatocyte shape. The dotted line is RBCs having a 
discocyte shape.

FIG. 8. Statistical distributions of the 3D volume in C part for 
two typical shapes of RBCs. The solid line is RBCs having a 
stomatocyte shape. The dotted line is RBCs having a 
discocyte shape.

with discocyte shape is larger than that in stomatocyte shape. 
This may be due to the differences of projected surface area 
and 3D shape of RBC. 

In order to statistically evaluate there is a significant 3D 
volume distinction in RBC populations that differ in shape, 
we define the 3D volumes in the A, B, and C parts of 
each single RBC as random variables X1, X2, and X3. The 
statistical distribution of the difference between two location 
parameters from the two different classes [c1 and c2] of 
RBC populations [c1: RBCs with a stomatocyte shape, c2: 
RBCs with a discocyte shape] is calculated. It is assumed 
as shown in Fig 6, 7, and 8 that the two RBC populations 
of each random variable [A, B or C part] follow normal 
distributions Nc1 (μc1 , σ 2

c1 ) and Nc2 (μc2 , σ 2
c2 ), respecti-

vely. 
In order to compare the dispersion parameters between 

the two statistical normal distributions [c1: stomatocyte shape, 
c2: discocyte shape], it is assumed that all four statistical 
parameters are unknown and θ= (μc1 , μc2 , σ 2

c1 , σ 2
c2 ). 

The ratio of the dispersions of two independent normal 
populations can be represented with a null hypothesis [H0: 
σ 2

c1=σ 2
c2=σ 2] as follows [22]:

  

 


 , (2)

where the F distribution has nc1 -1  and nc2 -1  degrees of 
freedom, nc1  and nc2  are the sample sizes of the c1 class 
and c2 one, respectively. V [･] is a sample variance of 
random variable Xi. The subscript i can be 1, 2, or 3.

To answer and discuss this important question on whether 
or not there is a distinction in 3D volume of A, B, or C part 
between the two different shapes of RBCs [c1: stomatocyte 
shape, c2: discocyte shape], the F-test [null hypothesis: 
H0(σ 2

c1=σ 2
c2=σ 2)] for each random variable X1, X2, or X3 

was first conducted on the basis of a two-tailed test with 
a specific level of significance. Statistical p-value was 
calculated by using the table of Fisher F distribution in 
[22] for the statistical decision. It is noted that the computed 
statistical p-values for the random variables X1, X2, and X3 
are 0.0608, 2.66×10-10, and 4.34×10-4, respectively, which are 
the probability that the observed test statistic of Eq. (2) 
would occur in the same population [3D volume] in parts 
A, B, and C of RBC. From these experimental results, it 
would be concluded that the variability of the 3D volume 
in the A part of class 1 is not different from that of B 
since we can accept the null hypothesis, H0(σ 2

c1=σ 2
c2=σ 2), 

at the 0.05 level of significance [statistical p-value of the 
F-test over the random variables X1 is 0.0608]. On the 
other hand, we may conclude that there is a significant 
difference in the variability of the 3D volumes in the B 
and C parts since both p-values of the F-test over the 
random variables X2, X3 are much lower than 0.05.

The difference of location parameters of the two independent 
normal populations for the null hypothesis [H0:μc1=μc2=μ)] 
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can be represented as follows [22]:

 
 

 


  

(3)
    ×

 


  ,

where the variable T has student t distribution with nc1 +
nc2 - 2 degrees of freedom. nc1 and nc2 are the sample sizes 
of the c1 class and c2 one, respectively. E [･] is a sample 
mean of random variable Xi. The subscript i can be 1, 2, 
or 3.  [Xi (c1)] and  [Xi (c2)] are the unbiased estimates 
of σ 2

c1 and σ 2
c2, respectively.

The statistical decision analysis on the equality of the 
location parameter between the statistical distributions of 
the two different shapes of RBCs for each random variable 
X1, X2, or X3, was performed using the statistical hypothesis 
testing [t-test]. Finally, the statistical p-value was calculated 
for the statistical decision on whether or not there is 
significant difference between the location parameters of 
the two statistical distributions. The statistical p-value was 
obtained by using the table of Student’s t distribution in 
reference [22]. It is noted that the computed statistical 
p-values for the random variables X1, X2, and X3 are 
3.36×10-8, 2.22×10-6, and 7.29×10-5, respectively, which are 
the probability that the observed test statistic of Eq. (3) 
would occur in the same population [3D volume] in parts 
A, B, and C of RBC. Therefore, we may conclude from 
these experimental results that the distinction in the 3D 
volumes of the A, B, or C parts in RBC [see Fig. 4] is 
probably significant because we can reject the null hypothesis, 
H0:μc1=μc2=μ at the 0.05 level of significance. 

These statistical experiments demonstrate that there is a 
considerable distinction between the RBCs 3D volumes 
and their shapes. Accordingly, we believe that the proposed 
method has potential for achieving statistical quantifications 
of the 3D volume in various types of RBCs. In addition, 
it can be a promising tool for investigating any modifi-
cations or dynamics of 3D volume in RBC by monitoring 
RBCs.

IV. CONCLUSION

In this paper, we have proposed an automated method 
for 3D volume measurement of red blood cells (RBCs) 
using off-axis digital holographic microscopy. The off-axis 
digital holographic microscopy has recorded hologram pa-
tterns of RBCs. The RBCs phase images have been re-
constructed from their holograms by using special numerical 
algorithms. Segmentation algorithms have been applied to 
the RBCs phase image in order to remove the unnecessary 
background and obtain clear targets in the reconstructed 
phase image. The 3D volumes of every single RBC in the 
segmented phase image have been calculated. Statistical 

hypothesis testing has been conducted in order to investi-
gate whether or not there is a significant difference between 
the statistical distributions of the 3D volume of two different 
shapes of RBCs, i.e., stomatocyte and discocyte. The experi-
mental results exhibit that there is a considerable distinc-
tion between the RBCs 3D volumes and their shapes. 
Therefore, we believe that the proposed method provides 
valuable insight into the 3D volume in RBCs that differ in 
shape and can be extended to the classification of various 
types of RBCs.
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