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INTRODUCTION
Manufacturers utilizing bioprocesses for production need accurate and reliable tools for
monitoring bioreactors. The key monitoring parameter that many bioprocess engineers rely
on is viable cell density. This is a compound parameter arising from measurement of the
cellular concentration and the total cellular viability. Viable cell density is the mathematical
product of these two primary pieces of information.
As bioprocess manufacturing has grown in size and scope over the last several decades,
so too have the needs for making accurate measurements across reactors within a single
manufacturing plant, and amongst manufacturing plants that may be spread around the world.
While the viable cell density parameter is well understood by professionals at all levels, the
underlying principles affecting its measurement are subtly complex: on the surface, they are
simple to understand, but can produce unexpected results if one is not careful in their
application. In particular, a common concern amongst bioprocess manufacturers is
instrument-to-instrument variability, which refers to the expected coefficient of variance of a
measurement made on two identical instruments with two identical samples.
While this is a simple concept, once again, complexity awaits the unprepared. There are
many different factors which can lead to instrument-to-instrument variability. These include:
instrument service history, pipetting errors, underlying measurement principle, sample
volume and concentration, sample temperature history, etc. At the most basic level, since
viable cell density is a compound parameter, the variability of each of the primary
measurements (concentration and viability) must be understood separately. While there are
many methods for measuring cellular viability with various strengths and weaknesses, the
trypan blue analysis remains the most popular and well-tested.1,2
The purpose of this application note is to provide advice on best practices to minimize
instrument to instrument variability for the Vi-CELL* Automated Cell Viability Analyzer and to
demonstrate what levels of variability may be expected under nearly ideal circumstances.
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MEASURING VIABLE CELL DENSITY
The Vi-CELL performs two independent tasks: sample preparation and sample analysis.

Sample Preparation
A major advantage of the Vi-CELL system is its easy-to-use design which allows loading and automatic analysis
of several cell types.3-5 All reagents are premade and disposed of automatically. There is no skilled pipetting,
mixing of dyes, or loading of slides involved. All that is required is that an operator loads greater than 0.500 mL of
sample into a cup and ensures all reagents are loaded. As the sample carousel rotates, suspended cells are
aspirated and mixed with appropriate amounts of trypan blue stain and other reagents which help ensure uniform
measurement. The number of aspiration cycles can be adjusted to help break apart cell aggregates which can
lead to inaccurate results. Figure 1 below shows a schematic of the sample preparation process.
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Figure 1. Schematic of the sample preparation process.
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Sample Analysis
The fundamental measurement is made by software algorithms which analyze images of cells captured as they
flow through a flow cell. The software algorithm uses a variety of parameters to determine the existence of cells,
and whether or not those cells are viable. In essence, the algorithm analyses each digital image pixel-by-pixel,
comparing each pixel to its neighbor and looking for changes in intensity, color, and brightness. It counts cells
when a boundary (pixels of common, distinct properties form a circle) is identified. Once a cell boundary is
identified, the software then analyzes the pixels within that boundary to determine whether or not the cell has
been stained with trypan blue. Obviously, the darker the pixels within the cell boundary the more likely the cell
has been stained. Figure 2 below shows a schematic of the image analysis process.
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Figure 2. Schematic of the image analysis process.
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Once all cell boundaries have been identified, and they have been classified as “stained” or “unstained,” the
instrument reports total cell concentration (number of boundaries identified) and total viability (the ratio of
unstained cells to total cell concentration).
Since all cell types have different appearances when imaged, and there are several complications such as
subcellular debris and cell clustering, Beckman Coulter has provided users with the ability to custom tailor cell
types within the Vi-CELL software. The best way to optimize sample analysis is to choose a default cell type, and
then check the accuracy of the count and viability measurements through visual examination of each image.
Importantly, the image analysis parameters must stay consistent to ensure agreement between instruments.
Figure 3 shows a screen shot of the cell type menu.

Figure 3. Screen shot of the cell type menu.

UNDERSTANDING VIABLE CELL DENSITY
As mentioned before, viable cell density is the product of cellular viability and cell concentration.
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From the theory of error propagation, the expected variance for the compound variable is calculated as below where
σx is the standard deviation of variable x and ρxy is the correlation coefficient between variables x and y.

[ [[ [
σ Viability

Viability

2

+

σ Conc

Conc

2

+2

σ Viability σ Conc
(Viability) (Conc)

4

[ [

ρ ViabilityConc =

σ VCD
VCD

2

(2)

While it is safe to assume that there is some correlation between cellular concentration and cellular viability in
a flow imaging system, the coefficient is probably close to 0 due to the differing principles of measurement.
Thus, in order to truly assess the variance of a viable cell density measurement, it is necessary to understand
the sources of error in cellular concentration separately from cellular viability.

Cell Concentration
Cellular concentration is the more difficult parameter to measure with low variance. There are many more
sources of error than in the cell viability measurement. Specifically, small differences in the number of cells in
a field of view can lead to large differences in reported viable cell density. Some of the factors that can
contribute to this measurement error include: uniformity of cellular suspension; cells being in focus/out of
focus; excess cellular debris; and most importantly, a generally low number of absolute cells counted. For
example, a typical Vi-CELL experiment takes 50 images per sample. For a total cellular concentration of
~2.83x106 cells per mL, each image might contain 40 total cells. This means that only 2,000 cells were
actually counted. While this may seem like a low number, it is actually much higher than the number of cells
that can be counted with slide-based systems or hemacytometers (typically tens or hundreds of cells) under
a microscope. This is because the Vi-CELL uses a continuously flowing sample thus ensuring it analyses a
larger volume than competitive systems. It is this design and subsequent testing that verifies the Vi-CELL’s
expected concentration coefficient of variance is 6% when compared to COULTER COUNTERS, the gold
standard in cell counting, for Beckman Coulter controls.6
For comparison, in a typical blood analysis or flow cytometer experiment, hundreds of thousands of cells are
counted, which leads to a more precise measurement. After 31 measurements of 1,076 particles, the
expected coefficient of variance of a COULTER COUNTERS is 2.9%. At 98,559 particles, the coefficient of
variance is only 0.2%.7 Generally, coefficients of variance drop with increasing sample size, a principle that
also applies to image-based viable cell density measurements.
In fact, experimental errors associated with counting cells in microscope images helped inspire the invention
of the Coulter Principle.8-9 However, since the Coulter Principle cannot easily give information on viability,
automated imaging systems such as the Vi-CELL have become very popular. These systems do a good job
of reducing many of the errors associated with manual preparation of slides such as variances in “home
made” reagents, manual pipetting error, improper slide loading, focusing differences amongst individuals (as
with some competing instruments), but there are fundamental limitations to imaging reproducibility that are
difficult to design around.

Cell Viability
The cell viability measurement has relatively fewer sources of error, as it is purely based on measuring the
ratio of stained to unstained cells. Importantly, that ratio should stay the same even if the total number of cells
varies. As an example, if the viability is 50% then that should be consistent whether 50 or 500 cells are
measured. Thus, cell viability measurements tend to have lower variance than total cell concentration
measurements in an image-based system. The key sources of variance in cell viability are mostly mitigated by
the automated nature of the Vi-CELL instrument, and they include: variance in uptake of trypan blue dye,
variance in cell brightness, and for manual systems, errors in “homemade” reagents. For example, some
systems may require operators to mix trypan blue in very specific ratios with their cell suspensions, while all of
this is done automatically in the Vi-CELL.

EXPERIMENTAL EVALUATION OF INSTRUMENT-TO-INSTRUMENT VARIABILITY FOR
CONCENTRATION AND VIABILITY
In order to demonstrate the ability of the Vi-CELL instrument to deliver consistent results both in total cell
concentration and cell viability measurements, a series of rigorous experiments were designed to test three
different instruments manufactured over several years. Beckman Coulter’s concentration controls, a third
party’s concentration and viability controls, as well as live Chinese hamster ovary (CHO) cells were all tested
in all three instruments.
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Methods and Materials
Materials
Three Vi-CELL instruments (Serial Numbers AK50314, AL50286, and AN41224) were cleaned, serviced,
and calibrated using Beckman Coulter Vi-CELL concentration control. Calibration followed standard
Beckman Coulter procedures. Beckman Coulter Vi-CELL Concentration control was tested on all three
instruments for 20 measurements each. Each measurement consisted of 50 individual images per sample.
Three Viacheck concentration controls (Bangs Laboratories) were used (1 x 106, 4 x 106, 8 x 106). For these
concentration controls, 10 repeats were performed on each instrument. Five Viacheck Viability controls
(Bangs Laboratories) were used (0%, 50%, 75%, 90%, and 100%). For the viability controls, 4 repeat
samples were analyzed per experiment with a total of 3 experiments per control per instrument. Vi-CELL
reagent packs were used as per the instruction manual from Beckman Coulter, Inc. Live CHO cells at 3
different approximate viabilities (99%, 70%, and 50%) were provided from the Beckman Coulter, Inc. core
facility. CHO cell viability was adjusted by letting the samples rest at room temperature for extended periods
of time, the lowest viability cells resting overnight. Ten samples per cell type per instrument were analyzed.
Methods
All controls and cells were tested according to manufacturer’s specifications. For data analysis, the mean
and standard deviation of each individual instrument was calculated, as well as the mean of all means and the
coefficient of variance of all means. Instrument bias is defined as the range between the maximum mean of a
single instrument and the minimum mean of a single instrument.

RESULTS
The major results of this study are summarized in Table 1 and Table 2. On the whole, the three Vi-CELL
instruments performed very well and provided consistent results. It is important to note that the effects of
averaging and increased sample size have a large impact on the final variance depicted in both tables.
To clarify, while comparing the means of all runs most often yields a coefficient of variance below 6%,
the individual runs within an instrument may vary significantly more than this. For example, for the ViaCheck
Concentration Control nominal 1 x 106 particles/mL, the maximum measured value for a single measurement
on any instrument was 1.18 x 106 particles/mL, and the minimum measured value was 0.97 x 106 particles/mL,
or a difference of 20%. These discrepancies in individual measurements can be attributed to all the factors
described earlier. The fact that the coefficient of variance of means is only 5.9% for this sample shows
that precise measurements are obtainable if good techniques are used and measurements are repeated
as necessary.
It is also important to point out that the averaged measurements are tighter than the coefficient of variance
claimed by the bead manufacturers (always 10%). While it is relatively easy and common to make size control
standards (eg, 10 micron diameter beads), it is much more challenging to make uniform concentration
controls. This is due to the fact that concentration measurement can be impacted by many factors that size is
immune to (such as settling in the sample vial). It is for these reasons that size standards typically have much
lower variance specifications (~3%) than concentration controls (10%).
The instrument bias columns of Table 1 and Table 2 show the maximum difference between the highest mean
value and the lowest mean value for each sample. These values are true indications of instrument-toinstrument variation. While there is some bias evident in an individual measurement, when analyzed across all
measurements, it becomes apparent that the highest and lowest biases are almost randomly distributed.
Finally, it is important to note that the coefficients of variance for cell viability are generally lower than those
from total cell concentration. The median coefficient of variance for total cell count in Table 1 is 3.8%, while the
value for Table 2 is 1.9%. This is in good agreement with the experimental design factors described in the
previous section.
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RECOMMENDATIONS
Based on Beckman Coulter’s decades of concentration analysis with flow imaging systems, the Coulter
Principle, and light scattering based concentration measurements, we can make several important
recommendations that should minimize concerns over instrument-to-instrument variability.

1. Ensure all Instruments are Serviced Regularly
Varying service histories can impact instrument-to-instrument comparisons, especially since
issues such as calibration and cleanliness can vary over time. It is best to have your Vi-CELL
instruments annually serviced to check calibration and inspect all parts, particularly if the
Vi-CELL is in heavy use.

2. Use Consistent and Accurate Image Processing Parameters
It is of paramount importance that each Vi-CELL instrument uses exactly the same image
processing parameter (“cell type” in the software). Variances in the image processing
algorithm will definitely lead to discrepancies between instruments. For more information,
a thorough tutorial (Vi-CELL XR Cell Types Tutorial) is available on Beckman Coulter’s Web
site at www.beckmancoulter.com.

3. Make Multiple Measurements when Possible
Based on a statistical analysis of the results in Table 1 and Table 2, we recommend making
no less than four repeat measurements on an individual sample. Generally, the more
measurements that are made, the lower the expected variance will be and the higher the
confidence.

4. Ensure Each Sample has the Same Handling History
Variances in sample handling such as time left on bench, temperature profile, and time
between drawing a sample and testing a sample can all impact cellular viability and ultimately
the viable cell density measurement. Thus, operator training and care is required to achieve
consistency across measurement sites and times.

5. When Questions Arise, use an Orthogonal Technique
One risk factor for manufacturers relying solely on image based analysis for bioreactor
monitoring is that incorrect readings due operator error or instrument malfunction may prompt
destruction of otherwise acceptable, and often very expensive, batches. To reduce this risk,
it is advisable to invest in one additional orthogonal counting instrument that can be used to
cross check results. Given that the Coulter Principle is the gold standard in cell counting,
COULTER COUNTERS make an obvious choice. Of course, COULTER COUNTERS will not
calculate viability, but they can be used as an orthogonal cross check for cell concentration in
the event that a final decision involving a costly batch of cells must be made.

CONCLUSIONS
Based on the large number and diversity of samples examined here, the Vi-CELL system has demonstrated
excellent instrument-to-instrument comparisons. However, several important recommendations must be
followed in order to minimize variability. An understanding of the different variability factors affecting both total
cell concentration and viability measurements is important to achieve ideal results.
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Table 1. Mean Total Concentration Counts for Various Samples on Three Vi-CELL XRs.
Mean Total
Mean Total
Mean Total
Cell Count
Cell Count
Cell Count
(millions/mL) (millions/mL) (millions/mL)
SN AK50314 SN AL50286 SN AN41224

Average

Standard
Deviation

CV of Means
(%)

Instrument
Bias

Beckman Coulter
Concentration Control
nominal
0.972 x 106/mL
(average of 20 runs)

0.91

0.96

0.96

0.94

0.03

3.3

0.05

Viacheck
Concentration Control
nominal 1 x 106 /mL
(average of 12 runs)

1.05

1.14

1.11

1.10

0.05

4.2

0.09

Viacheck
Concentration Control
nominal 4 x 106 /mL
(average of 12 runs)

4.04

4.50

4.47

4.34

0.26

5.9

0.46

Viacheck
Concentration Control
nominal 8 x 106 /mL
(average of 12 runs)

8.46

9.23

9.23

8.97

0.44

5.0

0.77

Viacheck Viability
Control nominal 0%
(average of 12 tests)

1.06

1.18

1.23

1.16

0.09

7.6

0.17

Viacheck
Viability Control
nominal 50%
(average of 12 tests)

1.09

1.07

1.06

1.07

0.02

1.4

0.03

Viacheck
Viability Control
nominal 75%
(average of 12 tests)

1.14

1.11

1.12

1.12

0.02

1.4

0.03

Viacheck
Viability Control
nominal 90%
(average of 12 tests)

1.27

1.26

1.19

1.24

0.04

3.5

0.08

Viacheck
Viability Control
nominal 100%
(average of 12 tests)

1.28

1.26

1.11

1.22

0.09

7.6

0.17

CHO Cells
nominal 50%
(average of 10 tests)

0.67

0.70

0.66

0.67

0.02

2.9

0.04

CHO Cells
nominal 70%
(average of 10 tests)

0.62

0.70

0.59

0.64

0.05

8.4

0.10

CHO Cells
nominal 100%
(average of 10 tests)

1.41

1.47

1.39

1.42

0.04

2.7

0.07
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Table 2. Mean Viability Measurements for Various Samples on Three Vi-CELL XRs.
Cell Viability
(%)
SN AK50314

Cell Viability
(%)
SN AL50286

Cell Viability
(%)
SN AN41224

Average

Standard
Deviation

CV of Means
(%)

Instrument
Bias

CHO Cells nominal
100% Viability

98.40

99.03

97.37

98.27

0.84

0.9

1.66

CHO Cells
nominal 70% Viability

73.47

74.09

71.20

72.92

1.52

2.1

2.89

CHO Cells
nominal 50% Viability

53.21

55.46

52.24

53.64

1.65

3.1

3.22

Viacheck Viability
Control nominal 0%
(average of 12 tests)

0.03

0.12

0.18

0.11

0.08

68.6*

0.15

Viacheck
Viability Control
nominal 50%
(average of 12 tests)

50.47

48.36

48.48

49.10

1.19

2.4

2.11

Viacheck
Viability Control
nominal 75%
(average of 12 tests)

76.94

74.44

75.81

75.73

1.25

1.7

2.50

Viacheck
Viability Control
nominal 90%
(average of 12 tests)

90.26

88.56

87.93

88.92

1.21

1.4

2.33

Viacheck
Viability Control
nominal 100%
(average of 12 tests)

99.38

99.36

99.08

99.27

0.17

0.2

0.30

*CV value is high due to low absolute value of the means
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