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Abstract. Constructing models of cells’ realistic internal and external morphology is vital for correlation between
light scattering and morphology of the scattering structure. The image stack obtained from fluorescent confocal
microscopy is at present used to construct the cell’s three-dimensional (3-D) morphology. However, due to the
poor labeling quality and unavoidable optical noise present in the image stacks, 3-D morphologies are difficult to
construct and are an impediment to the statistical analyses of cell structures. We propose a method called the
“area and shape constraint method (ASCM)” for constructing 3-D morphology. Blurred 3-D morphologies con-
structed by common methods from image stacks considered as defective and which are commonly discarded
are well restored by the ASCM. Seventy-four clinical blood samples and a series of standard fluorescent spheres
are selected to evaluate the validity and precision of our proposed ASCM. Both the qualitative and quantitative
results obtained by ASCM indicate the good performance of the method in constructing the cell’s 3-D morphology.
© 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.8.085003]
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1 Introduction
When a cell is illuminated, light scattering happens due to the
interaction of the cell’s complex biological structures with the
optical radiation. It has been proven that the rich features in
the scattered light distribution are closely related to the morphol-
ogies and inhomogeneous refractive index of the external
membrane, internal nucleus, and other organelles.1 As a result,
the light scattering pattern (LSP) contains the cell’s “finger-
print,”2 which is expected to provide an exquisitely sensitive
approach for noninvasive and label-free determination of
cellular morphology and, consequently, its use in cytopathic
discrimination.3–7 As a prominent example of its application,
the forward and side scattering intensities in the LSP are applied
in the well-known flow cytometry for cell sorting and identifi-
cation. Lymphocytes in human peripheral blood are a type of
white blood cell generated by the immune system to defend
the body against cancerous cells, pathogens, and foreign matter.
The morphology changes of lymphocytes deduced from LSP
can be used to predict the onset of diseases.8,9 The research
in which cells of different types or pathological conditions
are identified by their specific features extracted from the
LSPs is called the LSP inversion study. The inversion study,
a powerful tool to reveal variations of the cell’s morphology
and composition from information contained in the scattered
light, is a label-free method for cell identification. The key
scientific problem in the LSP inversion study is to figure out
the specific and sensitive scattering light features and their

statistical distributions among the samples. It is important to
know in advance the cellular structures that scatter the light
in LSP inversion study. Thus, to identify the key features of
light scattering from clinical lymphocytes, a three-dimensional
(3-D) shape model is set up with the membrane, nucleus,
and proper optical structures to mimic their pathological
conditions.7,10–20 The LSP of the model is simulated by some
numerical methods, such as the finite-difference time-domain
(FDTD)21,22 and discrete dipole approximation.23,24 Finally,
specific LSP features are extracted according to the statistical
principles by analytical methods, such as machine learning.25–28

Above all, an accurate and suitable model of lymphocytes is
vital. A simple model is to consider the membrane and nucleus
of lymphocytes as ideal spheres or ellipsoids.7,18–20 Recent
research29 proposes more precise modeling method to construct
3-D structures from a stack of two-dimensional (2-D) confocal
images, in which the real shapes of fluorescence-labeled mem-
brane and nucleus are recorded. To the best of our knowledge,
this method gives the best result for obtaining the cell’s 3-D
morphology at present. In this work, both manual labeling
for different cellular structures and imaging by fluorescence
confocal microscopy are used. The labeling quality is rather
compromised as about 80% to 90% of cells cannot be con-
structed directly from the stack of 2-D confocal images because
the images of the top and bottom cellular structures are normally
incomplete. Some algorithms for constructing 3-D cell structure
from its image stack have been reported.29 But these algorithms
are focused on how to build up the 3-D structures for well-
labeled cells. The stack with incomplete cell structures has to
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be discarded even though only a small number of image layers in
the stack are invalid. As a result, LSP inversion study with the
current construction methods cannot meet the requirements for
statistical investigations. It is the original intent of our research
to improve on the current method. If the invalid image layers in
the discarded stack can be recovered by some structural relations
with the valid layers, then an approximate constructed morphol-
ogy with acceptable accuracy could be retrieved from discarded
image stacks. There are two problems herein: one is how to
determine invalid layers in stack and the other is how to
build up the structural relations between the valid and invalid
layers. A set of algorithms called the area and shape constraint
method (ASCM) is developed by our group to solve these two
problems. In this method, the image entropy is applied to deter-
mine the invalid layers, and the area and termination shape
recursive relation is applied to build up the relation between
the invalid and valid image layers. The samples used for veri-
fying the method are clinical lymphocytes of human peripheral
blood in suspension and standard spheres with known structural
parameters. Three kinds of methods are designed to evaluate
the performance of ASCM. The results proved that ASCM is
a promising method in 3-D cell modeling for light scattering
inversion study and its use in statistical investigations.

2 Method

2.1 Sample Preparation

The morphologies of membrane and nucleus of clinical
lymphocytes are being investigated in our research. Clinical

lymphocytes are always in a suspension during the whole
process of sample preparation, even during sample imaging
by fluorescence confocal microscopy so as to maintain their
primitive morphologies. A key problem is how to select the
suitable fluorescence dyes. On the one hand, it can select to
specifically bind the components of the cells under research;
on the other hand, after fluorescence confocal imaging, the
dyeing cellular components must be conveniently separated
from others often through digital image processing. To meet
the requirements, instead of labeling cytoplasm and nucleus of
lymphocytes as done in previous research,13–17,29 the membrane
marker CM-DiI V22888 (Life Technologies Co., Ltd.) and the
nucleus marker Dapi S36968 (Life Technologies Co., Ltd.)
are selected to effectively distinguish the edges of nucleus–
cytoplasm and cytoplasm membrane. The absorption spectral
peak and the exciting fluorescence peak for CM-DiI V22888
are at 553 and 570 nm, respectively, and for Dapi S36968
they are at 364 and 460 nm, respectively. The speed and duration
of centrifugation, the temperature for lymphocyte separation and
labeling, the washing times after labeling should be well con-
trolled and optimized to prevent morphology damage of the
clinical lymphocytes. Our procedure is as follows. Fresh clinical
lymphocyte cells, collected within 2 h, are separated from
human peripheral blood with lymphocyte separation liquid
(Tian Jing Haoyang Biological Manufacture Co., Ltd., China).
The separated lymphocytes are then diluted with phosphate-
buffered saline (PBS, pH 7.4) to a concentration of 105 to
106 cell∕mL. 5-μL CM-DiI V22888 is added into 1-mL diluted
lymphocyte sample and the sample is incubated for 30 min
at 37°C. After incubation, the labeled sample suspension is

Fig. 1 (a) Confocal image stack. The donor, age 44, female, is suffering from severe chronic hepatitis B.
The stack of 2-D confocal images is acquired along the z-axis. The red fluorescence was excited from
the dyed membrane. The blue fluorescence was excited from the dyed nucleus. Image #68 with a yellow
frame is the layer with the maximum area cross section of the membrane. Images in the two green frames
are invalid layers, which will be introduced in Sec. 2.3.2. (b) The membrane is constructed directly from
the stack shown in (a). The whole constructed lymphocyte consists of the outer membrane (red color) and
the inner nucleus (blue color). Due to the incomplete constructed 3-D morphology of the membrane, the
nucleus is exposed. (c) Nucleus constructed directly from the stack shown in (a). To display the nucleus,
the constructed lymphocyte shown in (b) is split. It can be seen that the constructed morphologies at
the top and bottom of both the membrane and the nucleus are incomplete.
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centrifuged for 5 min with 400 g centrifugation force at 37°C.
The supernatant is then removed and the leftover is washed
gently with PBS (37°C) twice. Another sample is diluted
again to a concentration of 105 to 106 cell∕mL with PBS
(37°C). Finally, the sample is incubated for 5 min after adding
2 to 3 drops of Dapi S36968. To ensure spatial stability of
lymphology during fluorescence confocal imaging, a 20 to
30 μL drop is dripped on to a 60-mm glass bottom dish with
a 14-mm bottom well (In Vitro Scientific Co., Ltd.). The sample
drop is controlled empirically with a hemispherical surface in the
bottom well. The suspended lymphology is therefore kept almost
still by surface tension during the confocal scanning and imaging.

2.2 Confocal Microscopy

The samples are scanned along the z-axis by the laser scanning
confocal microscope (LMS780, Zeiss) using a 100× oil
immersion objective lens. The membrane (red) and nucleus
(blue) are recorded in an RGB image with the resolution of
512 × 512 pixels. The step size of z-scan is set at 0.1 μm.
One result of our confocal image stack is shown in Fig. 1.

2.3 Area and Shape Constraint Method

Due to the incomplete morphology constructed directly from
the image stacks, as shown in Figs. 1(b) and 1(c), the ASCM is

Fig. 2 Image preprocessing for membrane and nucleus. The preprocessing of image #68 shown in
Fig. 1 is used as an example. After the grayscale, Gaussian 2-D window average filter is adopted to
smooth the pixel distributions and remove the speck noise. The filtering is carried out via the convolution
of the intensity reading of a pixel over a grid of 15 × 15, centered on the pixel, with a kernel of
exp½−ði2 þ j2Þ∕32�, −7 ≤ i ≤ 7, and −7 ≤ j ≤ 7. (a) The image preprocessing flowchart. (b) The max
connected region processing.

Journal of Biomedical Optics 085003-3 August 2018 • Vol. 23(8)

Zhang et al.: Clinical lymphocytes construction for light scattering inversion study: a three-dimensional morphology. . .



proposed. The 3-D morphology generator program of ASCM
has been developed, which consists of three steps: image pre-
processing, layer restoration, and 3-D morphology construction.

2.3.1 Image preprocessing

The goal of image preprocessing is to extract the contours of
the membrane and nucleus in each image layer. Taking layer
#68 in Fig. 1 as an example, the image preprocessing flowchart
is shown in Fig. 2(a). Because the membrane and nucleus are
labeled in our experiments, it is not difficult to extract the con-
tours of the membrane (red color) and the nucleus (blue color).
Normally, there is an unstained cytoplasm region (black color)
between them. We first separate the red and blue components
from image pixels in the RGB format. For either the membrane
or nucleus, only the R or B pixel channel is retained. The
grayscale images for R and B pixel channel are obtained
separately. A Gaussian 2-D window average filtering algorithm
is adopted to remove the speck noise. The filtering is carried
out via the convolution of the intensity reading of a pixel
over a grid of 15 × 15, centered on the pixel, with a kernel
of exp½−ði2 þ j2Þ∕32�, −7 ≤ i ≤ 7, and −7 ≤ j ≤ 7. For the
threshold segmentation, the Otsu method, the minimum error
method, or the maximum entropy method30 can be applied to
separate the membrane and nucleus from the background, and
then their corresponding binary images are generated. Due to
the similar results for different threshold segmentation methods,
we selected the Otsu method with its threshold k� parameter
satisfying the following conditions:

EQ-TARGET;temp:intralink-;e001;63;436k� ¼ arg max½σ2BðkÞ�; (1)

EQ-TARGET;temp:intralink-;e002;63;406σB ¼ P1ðm1 −mGÞ2 − P2ðm2 −mGÞ2; (2)

where P1 and P2 are the classification probabilities by the
threshold k� of the blue and red pixels, respectively, m1 and
m2 are the mean image intensity values of the blue and red pix-
els, respectively, andmG is the global mean intensity. The binary
images obtained for the membrane and nucleus can be seen in
“binary image” of Fig. 2. Finally, the contours of the membrane
and nucleus are filled in by image filling operations. And the
max connected region processing is adopted to remove abnor-
mal signals shown in Fig. 2(b). The reason of abnormal signals
is that some unknown reasons make unwanted regions dyed by
fluorescence dyes. They sometime occur and cannot be removed
the filtering processing. In the case, the max connected region
processing becomes necessary.

2.3.2 Layer restoration

The purpose of layer restoration is to determine and restore the
invalid layers, in which the contours of the membrane or nucleus
are imaged unrecognizably or not recorded at all due to the
poor quality of dyeing and microscope imaging. In the ASCM
method, to determine the invalid layers, the image entropy value
method is selected. The area recursive relation and the termina-
tion shapes of the valid images are extracted and applied to
restore the profiles of membrane and nucleus in the invalid
layers. The detailed procedure for layer restoration is as follows:

Step 1: Determining the valid and invalid image layers.

It is known that the image layers close to the maximum area
cross section have better image quality. But the image layers

close to the cell’s top and bottom layers are normally fuzzy
and not easily identifiable, such as image #1 to #15 at the
top and image #118 to #135 at the bottom of the cell as
shown in Fig. 1. The main reason is that in the region near
the maximum area cross section there are more labeled substan-
ces. For layers near the maximum area cross section, the gray
values of the membrane and nucleus are close to 255. However,
for layers near to top and bottom of the cell, the gray values are
gathered in a small range with low pixel values, which are
approximately close to those of background noise. According
to the Shannon information theory,30 the entropy is a statistical
description for the randomness of data and can be used to char-
acterize image textures. An image with a large entropy value
contains more information. The definition of image entropy
E is given by the following equation:31

EQ-TARGET;temp:intralink-;e003;326;587E ¼ −
X255
i¼0

pðiÞlog2pðiÞ; (3)

where i is the image grayscale value and pðiÞ is the distribution
probability function of i. The entropy is calculated from the
image grayscale. The entropy of the layer with maximum
area cross section for the membrane or nucleus is given by
the symbol Em. We then define the image entropy to be kEm
(k ∈ ½0;1�) for each layers in the stack. In our experiments,
k is empirically selected to be equal to 0.9. We calculate the
entropy of each layer shown in Fig. 1 and display the results
in Fig. 3. The abscissa and ordinate in Fig. 3 relate to the
image layer number and image entropy, respectively. Em, the
entropy of image #68, equals to 6.86 (arb. unit). Following
the definition of an invalid layer, image layer #1 to #24, and
#94 to #135 are considered invalid and are highlighted by
green frames in Fig. 1. The maximum area cross sections for
both the membrane and nucleus shown in Fig. 1 are in the
same layer (image #68). But this does not always happen.
Therefore, in practice, the invalid layers for the membrane and
nucleus should be determined separately.

Fig. 3 Image entropy. Image entropy values of each image in Fig. 1
are shown. The total confocal image number in Fig. 1 is 135.

Journal of Biomedical Optics 085003-4 August 2018 • Vol. 23(8)

Zhang et al.: Clinical lymphocytes construction for light scattering inversion study: a three-dimensional morphology. . .



Fig. 4 The area and shape constraint. (a): (a1), (b1), and (c1) are the front view, left view, and top view of
interface along A–A, respectively, (b) is the area and its quadratic fitting curve, (c) is the relative error
between the area value and its quadratic fitting curve, (d) is the result of applying shape constraint,
(e) is the result of applying area and shape constraint described in steps 1 and 2 of Sec. 2.3.2,
(f) is the result before and after the interpolation process, and (g) is the reconstructed membrane and
nucleus with and without applying ASCM for the lymphocyte in Fig. 1.
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Step 2: Establishing the area constraint and the shape
constraint.

Three characteristics are required to restore the contours in
an invalid layer: the centroid, the area, and the shape.

The position of the centroid is the criterion to align contours
in each image layer. Suspended cell movement during micro-
scope scanning can offset the centroid for different layers and
can even cause cells to vanish in the field of view. With the sur-
face tension described in Sec. 2.1, centroid offset caused by cell
movement is restricted and can be calibrated. The centroids of
the contours of the valid image layers are aligned by image
processing algorithms (see details in Sec. 2.3.3).

The area sj of each valid image layer is calculated to estab-
lish the area constraint recursive relation. For clinical lympho-
cytes in human peripheral blood, despite the varying degrees of
roughness due to ruffles and folds, the morphology for their
membranes or nuclei is basically like an ellipsoid, which can

be expressed mathematically as x2

a2 þ y2

b2 þ z2

c2 ¼ 1, as shown in

Fig. 4(a). The area sj in the j’th image layer satisfies the equa-

tion sj ¼ πajbj, where bj ¼ b
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − h2ðjÞ

c2

q
and aj ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − h2ðjÞ

c2

q

(−c ≤ hðjÞ ≤ c). The height hðjÞ of each layer satisfies the
equation hðjÞ ¼ j × Δz, where Δz is the scanning distance
interval of the confocal microscope. With sj computed from
aj, bj, and hðjÞ, the area constraint can be described by the fol-
lowing equation: sj ¼ p1j2 þ p2jþ p3, where the parameters
p1, p2, and p3 can be determined from a curve fitting of the
areas of the membrane or nucleus of the valid image layers.
That is, we assume the area sj satisfies a quadratic dependence
with the layer number j. The membrane shown in Fig. 1 is used
as an example. After image preprocessing as described in
Sec. 2.3.1, images of #25 to #93 are determined as valid layers.
The pixel area of the membrane in these layers is obtained
[the dotted curve shown in Fig. 4(b)] and then fitted with the
quadratic area curve sj ¼ ð−11.84Þj2 þ 1578.74j − 16447.58,
(j ¼ 25 to 93) [the solid curve in Fig. 4(b)]. Thus, in this
case, p1,p2, and p3 are found to be equal to −11.84,

Fig. 5 Image entropy values of membrane and nucleus. There are totally 74 lymphocytes of fresh human
peripheral blood samples from 15 healthy individuals. Their focal image stacks are not shown. (a-1) and
(b-1) The normalized image entropy results of membranes and nuclei, respectively. The yellow boxes are
applied to highlight the regions of membrane and nucleus with the image entropy larger than 0.9Em . (a-2)
and (b-2) The statistical histogram for 74 clinical lymphocytes, which show the number of lymphocytes
(the ordinate) whose entropies in the corresponding image layer (the abscissa) are larger than 0.9Em .
It proves that the valid image layers for 74 clinical lymphocytes are mainly in the yellow region in (a-1) and
(b-1) with the image entropy larger than 0.9Em .
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1578.74, and −16447.58, respectively. To verify the quadratic
relation is a good fit to the data, the relative error between
the fitted curve and the data is calculated and shown in
Fig. 4(c). It can be seen that their relative errors are small and
all <2.25%, which proves that for lymphocytes a quadratic
relation of j and sj is reasonable.

The termination layers in the last valid image at the top and
bottom of the cell are used to approximate the areas of the
invalid layers by ASCM. For the membrane shown in Fig. 1
as an example, the termination layers are image #25 and #93
(microscope scan from the cell’s bottom to top layer). After
deciding the termination layers, its shape is shrunk until its area
equals to the value sj calculated by the area constraint obtained
from the valid layers. This is shown in Fig. 4(d). Figure 4(e)
shows the reconstructed shape using centroid alignment and
applying the area and shape constraint described in step 2.

2.3.3 Three-dimensional morphology construction

To achieve 3-D morphology construction, the centroids of
the contours in both the valid and restored invalid layers are
calculated and aligned strictly. For the confocal image stack,
the resolutions in x-, y-, and z-direction are normally different.
In our experiments, the resolutions in x-, y-, and z-direction are
0.04, 0.04, and 0.1 μm, respectively. Therefore, interpolation is

implemented to improve the resolution in the z-direction by
inserting an extra layer. First, we fitted the contours in each
valid and the restored invalid layer by Fourier series fitting
method. The origin of the polar coordinate (ρ; θ) is set up at
the centroid of each layer. Second, the extra layer inserted is
interpolated from the neighboring layers. The known ρ in
each layer is used to establish the Lagrange interpolation
function32 for determining the interpolated ρ values. The results
are shown in Fig. 4(f). After the interpolation, the resolution in
z-axis is improved to 0.05 μm. For the lymphocyte shown in
Fig. 1(a), the final reconstructed membrane and nucleus
obtained by ASCM are shown in Fig. 4(g).

3 Experimental Results and Discussions

3.1 Characteristics of Image Entropy Curves for
Membrane and Nucleus

To verify that the image entropy curves for different clinical
lymphocytes are similar to that shown in Fig. 3, 74 clinical lym-
phocytes from 15 donors are tested. Their entropy curves for
both membranes and nuclei are shown in Fig. 5 for comparison.
Figures 5(a-1) and 5(b-1) show the good distribution agreement
of image entropy curves for different clinical lymphocytes.
Figures 5(a-2) and 5(b-2) are the statistical histogram for

Fig. 6 The characteristics of confocal images. The lymphocyte shown in Fig. 1 is used as an example.
In (a-1) and (b-1), the pixel distributions for membrane and nucleus are shown for each image layer.
In (a-2) and (b-2), the entropy curves for membrane and nucleus are shown.
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74 clinical lymphocytes. According to Shannon theory,30 the
image entropy E increases with the value of pðiÞ as can be
seen in Eq. (3). Both i and pðiÞ are determined from the 2-D
confocal images. Therefore, it is necessary to discuss the
gray values in images in order to be able to analyze the char-
acteristics of their entropy curves. Using the lymphocyte shown
in Fig. 1 as an example, the image layers #15, #30, #45, #60,
#75, #90, #105, and #120 are selected. The gray value distribu-
tions for both the membrane and nucleus are analyzed. The
background noise is normally in the grayscale range from
0 to 50. The gray histograms of the membrane and nucleus
after removing background noise are shown in Figs. 6(a-1)
and 6(b-1). The entropy curves are shown in Figs. 6(a-2) and
6(b-2). It can be seen that the distribution range of grayscale
values is wider for layers adjacent to the maximum area
cross section due to the better labeling and imaging, such as
image #60. For layers close to the maximum area cross section,
their pðiÞ value is larger than those far from the maximum cross-
section layer (such as image #120). This is the reason that the
entropy E in Eq. (3) is larger for layers close to the maximum
cross section.

3.2 Validation of the Three-Dimensional
Constructed Morphology

To validate the precision of the constructed morphology by
ASCM, two types of experiments are designed by our group.
One is called the valid image layer comparison (VILC) method
and the other is the LSP method, which will be discussed in
Sec. 3.3.

In the VILC method, a valid lymphocyte image stack is
chosen and two neighboring layers are constructed by applying

the area constraint. The constructed morphology is compared
with the original contours of the valid image layers. The
comparison is used to evaluate the precision of the constructed
morphology by ASCM. In the range of valid image layers, the
contour of the newly constructed morphology is labeled as A,
and the original known contour is labeled as B. The centroids
of A and B are aligned for each image layer. Subsequently, the
overlapping area [labeled as Area (A ∩ B)] and the total area
[labeled as Area (A ∪ B)] are calculated, respectively. The
misclassified error (ME)30 is calculated from the mathematical
expression in Eq. (4). Zero percent shows the best accuracy of
ASCM

EQ-TARGET;temp:intralink-;e004;326;620ME ¼ AreaðA ∪ BÞ − AreaðA ∩ BÞ
AreaðBÞ × 100%: (4)

The 74 clinical lymphocytes analyzed in Fig. 5 are used for
the comparison. One of their ME results is shown for both the
membrane [seeing the subplot on the top of Fig. 7(a)] and the
nucleus [seeing the subplot on the top of Fig. 7(b)]. Due to
the different number of valid image layers for each lymphocyte,
the maximum area cross-section layer for each lymphocyte is
labeled as the zeroth layer. The abscissa of Fig. 7 is obtained
after the number of the maximum area cross-section layer is sub-
tracted the number of original image layer. From our experience,
the invalid layers at the top and bottom of the lymphocyte
account for about 10% of the cell size. In our experiments,
the confocal microscope’s step size for the z-scan is 0.1 μm
and sometimes 0.2 μm.

For the lymphocyte membrane with diameters 9 to 12 μm
and for the nucleus with diameters 6 to 8 μm, there are on

Fig. 7 The ME analysis of VILC method for membrane and nucleus. In subplots on the top of (a) and (b),
the yellow and purple frames mean ME is <10% (yellow) and 5% (purple), respectively. For the mem-
brane shown in the subplot of (a), the layers in the range −10 to þ10 (yellow) and from −5 to þ5 (purple)
are considered. For the nucleus shown in the subplot of (b), the layers from −8 to þ8 (yellow) and from
−4 to þ4 (purple) are considered. (a) and (b) show the ME box-whisker plots of all the 74 clinical
lymphocytes. The ME means for different image layers are listed in the box-whisker plots.
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average 10 invalid image layers for the membrane and 8 for the
nucleus for 0.1-μm step size z-scan. For 0.2-μm step size, the
number of invalid layers is halved. For one of the 74 clinical
lymphocytes, its ME of the �5th and the �10th image layer
for the membrane shown in the subplot of Fig. 7(a) and the
�4th and the �8th image layer for the nucleus shown in the
subplot of Fig. 7(b) is analyzed.

The box-whisker plots of ME results for all the 74 clinical
lymphocytes are shown in Figs. 7(a) and 7(b), respectively. The
ME mean values of the 74 samples are listed. It can be seen that
all the mean values are <10%, and for �5th and �4th image
layers of the membrane and nucleus are <5%. For the nucleus,
the ME is larger than that of the membrane. The reason is that
the number of image layers for the nucleus is less than that of
the membrane due to its size; the layers far from the one that
determines the shape constraint have lower precision. Thus,
compared with the membrane, the �4th and the �8th image
layers of the nucleus are further from its maximum cross section
and thus their MEs are larger. For example, in Figs. 7(a) and
7(b), 8.88% is obtained for the −8th nucleus image layer,
which is larger than 6.57% for the −10th membrane image
layer. It is worthy to note that the VILC method for calculating
ME gives an upper bound because only the information in the
maximum area cross section and the neighboring two layers are
applied to set the area and shape constraint. For the ASCM used
in practice, the construction precision is much better than
the VILC evaluation results. Therefore, if ME of VILC method
can satisfy the construction precision requirements (<10%),
the ASCM is undoubtedly more precise in constructing 3-D
morphology of the confocal image stack.

3.3 Precision of Light Scattering Pattern

In the optical scattering inversion study, the LSP is the key cri-
terion from which 3-D morphology is constructed. Therefore,
the LSP is a convincing way to evaluate the precision of the
constructed morphology by ASCM. With the help of the com-
mercial software (FDTD solutions, Lumerical Inc, Canada), the
LSP is calculated by our programs to construct the 3-Dmorphol-
ogy. LSP of ideal spheres with radius r ¼ 0.2, 0.5, and 1.0 μm is

used to construct the morphology and compared with the actual
spheres. The results are shown in Fig. 8. The match is very good
over the full range of the scattering angles, which proves our
programs are correct and reliable.

The standard fluorescence spheres with diameters 6.56, 9.44,
and 10.00 μm [shown in Figs. 9(a-1)–9(c-1), respectively] are
selected for ASCM evaluation. The morphologies of standard
fluorescence spheres are scanned by a confocal microscope
and then constructed without applying ASCM [labeled as
“original model,” shown in Figs. 9(a-2)–9(c-2)] and with ASCM
[labeled as “constructed model,” shown in Figs. 9(a-3)–9(c-3)].
First, from the constructed morphologies, the constructed
models look more like ideal spheres than the original models.
For original models, there are serious deformations in the mod-
els’ top and bottom surfaces. But for the constructed models,
these deformed sections are well restored by ASCM. Second,
the original and constructed models are compared with that
of ideal spheres as shown in Figs. 9(a-4)–9(c-4). These spheres
only differ in their volumes due to the different diameters. As we
all know, the scattering intensity in the forward direction is most
sensitive to the sample’s volume, and with current commercial
flow cytometers, 2 deg to 5 deg and 2 deg to 19 deg are com-
monly selected to detect the forward scattering light. Thus,
the LSP relative errors in the range 2 deg to 5 deg and 2 deg
to 19 deg are compared for the original and constructed
models with that of ideal spheres. The results are shown in
Figs. 9(a-5)–9(c-5). It can be seen that the relative errors for
the original models with diameter 6.56, 9.44, and 10.00 μm
are larger than those of constructed models in both the 2-deg to
5-deg and 2-deg to 19-deg range. Especially for the 6.56-μm
standard sphere, the relative errors of original model shown
in Fig. 9(a-5) are as high as 105.49% and 97.09% in the forward
scattering 2-deg to 5-deg and 2-deg to 19-deg range, respec-
tively. On the other hand, the errors of constructed model are
only 19.10% and 18.34% in the range 2 deg to 5 deg and
2 deg to 19 deg, respectively. For the 9.44-μm standard sphere,
the errors decrease from 8.79% of original model to 1.89% of
constructed model in the 2-deg to 5-deg range and from 7.82%
to 1.86% in the 2-deg to 19-deg range. For the 10.00-μm

Fig. 8 The angle-resolved LSP applying Mie theory and our programmed FDTD method for ideal
spheres with radii 0.2, 0.5, and 1.0.
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standard sphere, the errors decreased from 19.60% of the origi-
nal model to 8.07% for the constructed model in the 2-deg to
5-deg range and from 12.00% to 2.20% in the 2-deg to 19-deg
range.

In conclusion, ASCM is an effective method for constructing
morphology and can be applied to the image stacks that are usu-
ally considered as invalid or commonly discarded when using
current methods. ASCM therefore would become a promising
approach to process abundant clinical lymphocytes data, espe-
cially for statistical scattering inversion study.

3.4 Other Errors

There are still some other sources of error arising from sample
preparation and hardware. In sample preparation, the high qual-
ity of cell fluorescence staining is the important step to obtain
a clear and accurate 3-D constructed morphology. The specific
and sensitive fluorescence dyes should be selected carefully
with consideration to cell types, cellular organelles, and excita-
tion light wavelength. During sample dyeing, the operations
should follow the procedure recommended by manufactures

Fig. 9 Precision evaluation by scattering pattern with and without the use of ASCM. Standard sphere:
(a) D ¼ 6.56 μm, (b) D ¼ 9.44 μm, and (c) D ¼ 10.00 μm.
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but need to be adjusted and optimized according to the character
and type of cells used. Normally, the excitation light peak wave-
length used for fluorescence confocal microscopy may not
exactly match with the manufacturer’s recommended peak
wavelength of the dye. This can compromise the efficiency
of fluorescence imaging for labeled cells. Additionally, in con-
focal microscopy, the refractive index matching problem and the
sample movement along the scanning direction should also be
considered. For the refractive index matching problem, if there
is a large refractive index difference between samples and
solution, for example with polyester samples (n ¼ 1.60) in
the gelose solution (n ¼ 1.33), the microscope focus position
during scanning will be in error. It may cause serious deforma-
tion in the constructed morphology. Therefore, calibration is
needed before measurements. Another problem is the movement
of the sample during imaging. There are two kinds of
sample movements. One is the sample moving in the plane
perpendicular to the scanning direction. This kind of movement
can cause a change in the measured sample location. The mor-
phology distortion by this kind of movement can be corrected by
an image processing method. The other sample movement is
along the scanning direction, which may lengthen or shorten
the sample morphology in the image stack. However, the dis-
tortion created by this kind of movement is difficult to correct.
To avoid or minimize this kind of movement, we find that sam-
ples can be kept almost still by surface tension of the 20 to
30 μL sample drop as described in Sec. 2.1. For our experi-
ments, the numerical aperture and magnification of the micro-
scope objective lens are 1.4 and 100× (oil immersion), and the
samples are confined in special bottomed wells for fluorescence
confocal microscopy. The optical aberration of the objective lens
and other microscope lenses, as well as the scanning depth due
to the refractive indices of immersed oil, and the bottom well can
be calibrated by relevant compensation methods. Finally, the
larger image size and the smaller scanning step obviously can
improve morphology precision, but they cause an increase in the
scanning time so that the labeled fluorescents may be bleached.
It should be traded-off according to specific circumstances. The
image of the size of 512 × 512 or 1024 × 1024 and 0.1- or
0.2-μm scanning step can be selected for clinical lymphocytes
studies.

4 Conclusion
In the paper, ASCM is developed to construct 3-D morphology
of clinical lymphocytes. The internal and external spatial mor-
phology of lymphocytes are accurately constructed and digi-
tized. This is very important in the light scattering inverse
problem especially for its statistical research. To validate the
precision of ASCM, first, we proved that image entropy can
be an effectively standardized to determine invalid layers
from valid ones in the confocal image stack. Then, the MEs
of constructed morphology, as the worst case are found to be
<10%, which can satisfy the requirements of statistical measure-
ments in practice. Finally, the 3-D morphologies of standard
spheres constructed with and without ASCM are compared.
With ASCM, the distorted sections in the model without
ASCM are well restored. The LSPs of both models with and
without applying ASCM are then analyzed with the LSPs of
ideal spheres. The small relative errors prove the good perfor-
mances of ASCM. We hope that this work may provide a useful
tool in conducting the statistical experiments and investigations

for the inversion problem of the clinical cell’s scattering
features.
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