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The CQ1 confocal quantitative image cytometer, in addition to obtaining high-
resolution images of live cells, analyzes them numerically and statistically, and clarifies the 
biological functions of individual cells or multicelluar tissues. Because the CQ1 repeats time-
lapse imaging, measurement, and analysis of live cells, which is difficult for existing flow 
cytometers, the CQ1 can be used in various applications from endpoint assays to cell kinetic 
observations. In addition, its confocal optical system offers 3D imaging, helping biological 
research to advance. The CQ1, developed for measuring cellular behavior, is ideal for basic 
research on regenerative medicine using iPS and ES cells, in which cell culture requires 
strict quality control.

INTRODUCTION

Cell measurement includes processes of observing and 
quantifying the amount, morphologies, and behavior 

of cells. Quantifying refers to obtaining physical quantities 
such as quantity, area, perimeter, volume, f luorescence 
intensity and position, and movement velocity. Thanks to 
the evolution of fluorescence microscopes and the discovery 
and invention of f luorescent proteins, measuring cells has 
become easy, and thus live cell imaging techniques are 
developing day by day. As a result, research into cytobiology 
has progressed significantly, and subsequent results are 
contributing to elucidate the mechanism of diseases and aid in 
the development of new drugs.

In recent years, new research into regenerative medicine 
using iPS and ES cells has been actively carried out with 
the aim of realizing practical use. In this area, not only 
a single cell but also clusters of multiple cells and even 
biological tissues are targets of observation and measurement. 
Accordingly, there is a strong demand for commercialization 
of measuring instruments suitable for measuring these targets.

The CQ1 confocal quantitative image cytometer was 
developed to help meet this demand. The CQ1 is capable of 
not only observing cells but also measuring them in two or 
three dimensions. This is a powerful tool for various new 
bio-applications including regenerative medicine as a typical 
example.

APPLICATION

A cell is a continuously changing composite consisting 
of h ighly polymer ized compounds such as proteins, 
deoxyribonucleic acids (DNA) and sugar chains, and low 
molecular weight compounds such as phosphoric acids 
and various ions. All of a cell’s components are intricately 
interacting with each other. While dividing themselves, 
proliferating and changing their own morphologies, cells 
express various functions, communicate with each other, 
and interact with the outside. As an aggregate of those cells, 
tissues, organs and individual organisms are formed. On the 
other hand, it is elucidated as the apoptosis that a cell kills 
itself and that this phenomenon is caused by a mechanism 
programmed into each cell itself. All life phenomena of cells 
from division, proliferation, transformation to death are the 
targets of the measurement and analysis by the CQ1.

Various techniques and instruments used for analyzing 
life phenomena have evolved to date. Many of them are 
specialized and have been simplified for certain dedicated 
purposes, and require preprocessing such as separation or 
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dissolution of cells before analysis. Because each organism 
consists of a huge number of cells in a three-dimensional 
structure, many researchers believe that life phenomena 
cannot be understood without considering this basic premise. 
There is an increasing demand for tools that can analyze 
multi-dimensional and multifaceted parameters in not only 
experimental systems handling biopsy specimens but also 
those handling artificially generated specimens. The CQ1 is 
expected to meet this demand. The examples of measuring and 
analysis by the CQ1 are described in the following sections.

Cell Cycle Measurement
A process in which one cell divides and duplicates itself 

into two daughter cells is called a cell cycle. Analyzing a 
cell cycle is a crucial issue in drug discovery represented by 
development of cancer treatment drugs with high selectivity 
and few side effects, and in life-science research. Figure 1 (a) 
is a cell cycle model. The fundamental aim of the division 
and duplication of a cell is for a genomic DNA, an aggregate 
of genes, to replicate itself. Quantifying this replication 
process is equivalent to the measurement of a cell cycle. 
When measuring a cell cycle, the current phase of a cell cycle 
is identified via statistical analysis, where the brightness of 
f luorescence of an image of a cell nucleus that ref lects the 
volume of DNA in it is measured to determine the expression 
level of DNA.

Figure 1 (b) and (c) show examples of the measurement 
and analysis of cell cycles. In this case, Draq7, a DNA-binding 
fluorochrome, was added to a cell sample to stain cell nuclei. 
Figure 1 (b) is a 3D image created by the CQ1, showing 
a large number of nuclei of A549 lung-cancer cells. Each 
spherical object in the image is a nucleus.

The binding amount of fluorochrome is proportional to 
the amount of DNA, and thus the DNA content in each cell 
nucleus can be quantified by the amount of fluorescence in the 
cell nucleus that is measured by the image analysis function 
of the CQ1. Going through G1, S, G2 to M phases, cells repeat 
a division process. Because DNA replication completes in a 
G2 phase, the brightness of an image of a cell nucleus in a 
G2 phase becomes twice that which occurs in a G1 phase. By 
recording the brightness of fluorescence in a cell nucleus as a 
trend graph and identifying the brightness peaks of the G1 and 
G2 phases, the status of a cell cycle can be analyzed.

The confocal scanner integrated in the CQ1 can obtain 
the amount of fluorescence in a three-dimensional extending 
specimen as multiple images, enabling the amount not per 
two-dimensional area but per three-dimensional volume 
to be obtained. Accordingly, extremely precise analysis 
of cell cycles becomes possible, a task that is difficult for 
conventional image analysis equipment to carry out.

Figure 1 Cell cycle model and measurement examples 
of cell cycles

Multi-parameter Simultaneous Analysis
The CQ1 is equipped with four laser light sources of 

different colors. When images of an object are taken via 
microscopy by using multiple color lasers, the images of the 
behaviors of the same number of molecular species as colors 
and the conditions of cells can be taken simultaneously. 
This enables the mutual relationship between them to be 
statistically analyzed. For example, the relationship between 
the activation of the receptors on a cytoplasmic membrane 
induced by cytokine and the pathway of signaling molecule 
activation in cytoplasm, or the relationship between the 
changes in cell cycles caused by anti-cancer drugs and the 
occurrences of apoptosis can be analyzed.

A s  a n  e x a m p l e  o f  m u l t i - p a r a m e t e r  a n a l y s i s , 
Figure 2 shows analysis results of the effects of the VX-
680 chemotherapeutic drug, which is used to treat cancer, on 
cultured cancer cells.

VX-680 is a compound developed used to target aurora 
kinase, which is an intracellular signaling molecule. It is 
known that inhibiting the activity of aurora kinase will 
suppress the proliferation of cancer cells. In this experiment, as 
shown in Figure 2 (a), phosphorylation of histone H3, which 
is a molecular structure directly under aurora kinase, was 
selected as an indicator to quantitatively evaluate the degree 
of inhibition of aurora kinase activity at a molecular level. The 
degree of inhibitory activity against cell proliferation was also 
measured by using indicators regarding a cell cycle as shown 
in Figure 2 (b), (c). In addition, apoptosis of cancer cells, 
which is the final stage due to this drug, was quantified as 
shown in Figure 2 (d). This experiment showed that VX-680 
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suppresses cancer cell proliferation and induces apoptosis of 
them by inhibiting the action of aurora kinase. In this way, the 
investigation of the relationship between multiple parameters 
at a molecular or cell level makes the analysis of the effect of 
drugs on cells possible from various angles.

Figure 2 Multi-parameter analysis of the effects of  
VX-680 chemotherapeutic drug for cancer on cultured 

cancer cells 

Live Cell Analysis
Because cells keep changing, analyzing their behavior 

and the molecules inside them along a time axis will bring 
new knowledge that cannot be obtained through the analysis of 
samples where analysis is limited to specific time points. The 
CQ1 has an optional function for maintaining a cell culturing 
environment, and it can perform the measurement combining 
three-dimensional imaging and multi-parameter quantitative 
analysis functions while maintaining the environment for live 
cells. The CQ1 is expected to contribute to research into live 
cells owing to this capability.

IMAGE PROCESSING CAPABILITY

The three-dimensional image processing by the CQ1 
recognizes objects (cells) three-dimensionally in X, Y, Z 
components from slice images, and calculates various feature 
values such as shape information, positions and brightness. 
The three-dimensional image processing of the CQ1 enables 
quantification of positions, changes in shapes, and others with 
Z components, which cannot be obtained by two-dimensional 
image processing or image processing using maximum 
intensity projection (MIP).

The major functions of the CQ1’s three-dimensional 
image processing are as follows:

 ● Three-dimensional object identification
 ● Three-dimensional object linking
 ● Feature value calculation

The CQ1 can also process two-dimensional images and 
MIP images because a two-dimensional image is an XY plane 
of a three-dimensional image at a certain value of Z.

Three-dimensional Object Identification
Objects can be identified from slice images through any 

of the following five processes:
(1) Filtering

Removes various noise from an image or emphasizes 
specific information, depending on the objectives.

(2) Binarization
Binarizes each pixel of an image, giving the value of 1 to 
the object and 0 to the background.

(3) Deformation of the binarized image 
Deforms or smoothens the area with the value of 1 in a 
binarized image, depending on the objectives.

(4) Labeling
Assigns (labels) a unique number to each area with a value 
of 1 in a binarized image, and separates them.

(5) Correction of the labeled image
Filters out or selects some portion of an object area in each 
labeled image, or fills a deficient area(s), depending on the 
objectives.

The CQ1 can select and combine any necessar y 
processes and relevant methods from five processes and up 
to 17 methods, providing various identification algorithms. 
Owing to this versatility, the CQ1 can handle various 
types of slice images such as fluorescent images and bright 
field images, and can handle images of cells with various 
morphologies and kinetics.

Three-dimensional Object Linking
When carrying out observations using a f luorescence 

microscope, for example, the first f luorescence measuring 
channel is used for visualizing nuclei, the second one for 
cytoplasm, and the third one for lysosome, respectively. 
Although each object, i.e. nucleus, cytoplasm and lysosome, 
is identified through each channel, the positional relationships 
among them is unknown, and information regarding shapes 
of cells and the positions of each object in a cell cannot be 
obtained. 

However, the CQ1 can three-dimensionally link the 
positions of objects of nuclei, cytoplasm and lysosome, and 
clarify the positional relationship among them, as shown in 
Figure 3.

Feature Value Calculation
In two-dimensional image processing, 17 feature values 

such as area, diameter and perimeter are calculated for each 
object. In three-dimensional image processing, 21 feature 
values such as volume, diameter, and surface area are 
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calculated. 
For statistical purposes, the average and standard 

deviations of the number of objects and feature values in 
each well of a plate, each of which contains a specimen, are 
calculated.

Figure 3 Three-dimensional object linking 

MEASUREMENT SOFTWARE

The measurement and analysis software for the CQ1 
runs on Windows 7 as a desktop application of Windows 
Presentation Foundation (WPF). This was developed by using 
Visual Studio 2012, C#, and .net Framework 4.5.

In conventional systems, cell imaging and analysis are 
performed by different software. With the CQ1, a single 
piece of software performs all hardware control, cell imaging 
and analysis, and reporting. Figure 4 shows the functional 
configuration of the software. Integration of the measurement 
and analysis modules into a single piece of software makes 
parallel analysis possible, in which an image that has been 
previously composed is analyzed while a new image of a 
view is composed. As a result, the processing throughput 
of imaging and analysis has improved, and users can obtain 
the analysis results just after measuring is completed. 
For example, the measurement and analysis of a 96-well 
microplate can be completed in less than three minutes, in the 
case where an exposure time is 200 ms and one view per well 
is photographed.

Figure 4 Configuration of software modules

When using the CQ1, users can construct a desirable 
analytic algorithm by freely combining image processing 

processes such as filtering and binarization. This enables 
the CQ1 to be used for each user’s bio-application without 
program modification. When changing an algorithm, users can 
efficiently determine the optimum algorithm by comparing 
images of each well under different conditions, for example, 
checking changes in shapes of cells depending on the presence 
of a reagent. Several algorithms are available as standard for 
certain applications, and they are offered to users who want to 
minimize the setting work.

Figure 5 shows a usage example of the measurement 
software. By using the CQ1, analysis results can be shown in 
scatter diagrams and histograms. Analysis results for each well 
can be compared on the screen. Graphs and images are linked. 
For example, when one point on a scatter diagram is clicked, 
the enlarged image of the corresponding cell is displayed. 
When a cell in the image is clicked, the corresponding point in 
the scatter diagram is highlighted. By dragging on the scatter 
diagram or histogram to specify a certain area, the images of 
multiple cells in the specified area can be displayed. By using 
this function, users can investigate images and analysis results 
in detail while associating them with each other.

Figure 5 Association between images and analysis 
results

Videos in Windows Media Video (WMV) and MP4 
formats can be created from time-lapse measurement results. 
First, still cell images or still images of the chart showing 
analysis results are captured at predetermined intervals, 
and then captured images are composed over time to form 
video formats. Analysis results can also be output in comma-
separated values (CSV) file format and Image Cytometry 
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Experiment (ICE) data format, and users can perform 
advanced analysis using other bio-application software by 
using these data.

HARDWARE CONFIGURATION

Figure 6 shows the external view of the measurement 
system using the CQ1. The system consists of the CQ1 main 
body, utility box (UTB), and control PC. The main body 
consists of an optical system for a confocal microscope and 
two mechatronics systems: a XY stage for conveying samples, 
and a Z stage including an object lens by which the sample is 
scanned in the Z direction. The CQ1 accepts various culturing 
containers for samples to be observed, for which slide glasses, 
chambered coverglasses, glass bottom dishes, microplates and 
other objects can be used.

Figure 6 External view of the measurement system using 
the CQ1

I nside the CQ1,  based on the opt ica l  exper t i se 
accumulated during the development of the CSU and CV 
series products (1), (2), three optical systems comprising the light 
projecting, image forming and excitation light optical systems 
are arranged in parallel around the light separating optical 
system. This design makes the CQ1 compact. The section that 
requires adjusting is arranged in the front, and the excitation 
light in the camera can be adjusted in the XY direction and q 
direction separately, making maintenance easy.

Regarding the excitation light sources, four lasers with 
different wavelengths of 405 nm, 488 nm, 561 nm and 640 nm 
are used to excite various f luorochromes and f luorescence 
proteins. To secure quantitative performance, which is the 
objective of this product, laser monitors are integrated into the 
main body to correct power changes in the lasers over time, 
and keep their output constant.

To respond to various applications ranging from wide 
field observation to that of lysosome, up to six object lenses 

with magnification power of 2 to 40 can be mounted on the 
main body, which is interchanged electrically.

In order to measure live cells, a stage heater was 
developed that can control the environment of the portion in 
which live cells are located. It can maintain the temperature 
at up to 40 °C, the initial humidity for six hours, CO2 
concentration under 5%, and O2 concentration under 4%. 
The stage heater consists of top, middle, and bottom blocks 
that are positioned to hold an object to be measured. By 
controlling each block separately, the temperature of the 
observed portion can be made uniform. Water in a tank in the 
top block of the stage heater is used to keep the humidity of 
the observed portion constant. The observed portion can be 
sealed to stabilize gas concentration and humidity. In many 
conventional microscope systems, observed objects are usually 
put in an airtight container to maintain the environment of the 
observed portion. This method, however, requires operators 
to put samples into the container, which is not suitable for 
automatic observation using robots. To maintain sealing 
performance while enabling a robot to convey samples, the 
top block was designed to be movable. When a robot accesses 
a sample, the top block is automatically evacuated from the 
normal position.

CONCLUSION

Yokogawa has released the CSU series confocal scanner 
units and the CellVoyager series drug discovery support 
systems. These products have been introduced to 2000 or 
more research institutions around the world, promoted a wide 
range of research from that involving the fundamentals of 
biotechnology to that involving drug discovery applications, 
and achieved many results (1), (2). While inheriting the excellent 
hardware features from these products, the software of the 
CQ1 was developed by placing greater priority on user-
friendliness from the viewpoint of researchers working 
in the biotechnology field. The CQ1 will contribute to the 
development of new areas such as regenerative medicine 
and basic research into personalized medicine, in addition to 
conventional markets.
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