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1. Introduction

Morphological discrimination between healthy and dying (or
dead) mammalian cells can be done because the main modalities of
cell-death, i.e. apoptosis, necrosis and autophagy, are accompanied
by noticeable changes in the cell body [1,2]. The different pathways
leading to death can be discriminated by light microscopy [3,4].
Recently, the modalities of cell death have been more frequently
investigated by applying immunostaining, cytochemical labeling
or biochemical techniques, as reviewed for apoptosis [5] and for
necrosis [6]. Discriminating necrosis from apoptosis by light
microscopy requires laborious preparation of individual cells for
observation. In this case, cytoplasmic swelling and plasma
membrane rupture of a particular cell would indicate necrosis,
whereas shrinking would indicate apoptosis, in particular if
concomitant with plasma membrane blebbing and contrasting
grains in the texture. These morphological changes during
apoptosis and necrosis were observed by video time-lapse
microscopy [7]. This technique was particularly useful for
determining the temporal sequence of morphological events
taking place in individual cells.

However, the precise dead/alive discrimination by observa-
tion of individual cells over a certain time is no possible option
for biotechnological industries. In order to better characterize
cultures in bioreactors, different strategies of optical imaging
system were developed, see reviews [8,9]. One of these
techniques, i.e. in situ microscopy, was applied to monitor the
growth of animal cell planktonic cultures [10,11] or microcarrier-
based cultures [12]. But an effort is still needed to monitor in situ
the cellular viability parameter, which is commonly defined as
the percentage of ‘‘dead’’ cells. In routine, cellular viability is
based on microscopic counting in extracted samples after
staining them with suitable dyes [13]. A recent work describes
the automatic counting of dead yeast cells without the need for
staining [14] based on dark-field microscopy in conjunction with
a learning algorithm, but nothing is known on the counting of
dead animal cells by now. All these findings indicate that an
online estimate of animal cell’s viability should be feasible based
on data from high resolution in situ micrographs. Micrographs
were taken during a monoclonal antibody industrial production
process. In order to induce a significant drop of viability, an
anoxia phase [15] was done at the end of the process. The cell
images were taken by using a high resolution in situ microscope
(ISM) which had previously been used for growth and
morphology studies in yeast [16] and mammalian cell cultures
[11].
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A B S T R A C T

This work aims at checking the possibility of estimating mammalian cell viability from images provided

by an in situ microscope (ISM). It was found that images of cells in bioreactors obtained by a high-

resolution ISM contain a certain part of cells which exhibits strong morphological similarity with images

of dying cells or dead cells obtained by epifluorescence. Cell images of this fraction have less

homogeneous texture and less smooth borders as compared to regular cells. Modifications of

intracellular organelles and irregularities of the plasma membrane can explain such visual features.

Therefore, by only using the texture effect, a criterion is proposed in order to distinguish living cells from

the other ones. It is based on the variability of the inside part of the image of the cell. A quantitative

estimate of viability (ev) is then calculated from a set of images obtained for each sample. The viabilities

obtained from the conventional flow cytometry method are inside the 5% confidence interval of these

estimations.
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2. Materials and methods

2.1. Culture conditions

The industrial hybridoma cell line used in this study was a BalB/c murine

lymphoid cell fused with a murine myeloma. Morphologically, these hybridoma

cells can approximately be considered as spherical objects. The strain was grown in

a stirred-tank bioreactor (Discovery 100) with a working volume of 5 L. The culture

medium used was the Dulbecco’s Modified Eagle’s media supplemented with 3%

heat-inactivated fetal calf serum. The pH-value was controlled at 7.2 by addition of

carbon dioxide. Dissolved oxygen was controlled at 25% of the saturation

concentration by injection of pure oxygen. Stirring was kept at 40 rpm and

temperature at 37 8C. The initial cell density was approximately 4� 105 cells per mL.

Under these conditions, a batch culture lasting 104 h was carried out.

2.2. Viability analysis

A fluorescence-based kit based on a two-color fluorescence assay (Live/Dead1

Viability/Cytotoxicity assay kit, Molecular Probes) was used. It provides simulta-

neous determination of live and dead cells. Two probes, calcein AM and ethidium

homodimer were used to measure two parameters of cell viability, respectively.

First: intracellular esterase activity and second: plasma membrane integrity. Prior

to the assay, samples were washed by centrifugation at 700 rpm for 15 min.

Washing was carried out with sterile tissue culture-grade D-PBS (KCl (0.2 g/L),

KH2PO4 (0.2 g/L), NaCl (8 g/L) and Na2HPO4 (1.15 g/L)). Cell staining was carried out

with optimized dye concentrations determined by a fluorescence microscope

(Optiphot, Nikon). The epifluorescence images from this microscope were also used

for visual comparison with the images from in situ microscopy (see Fig. 2). The

optimal concentrations obtained were 0.1 mM for calcein AM and 8 mM for

ethidium homodimer. 1.0� 106 cells were incubated in 1 mL D-PBS and 100 mL of

each reagent for 10 min at room temperature. Samples were injected in a

Facscalibur flow cytometer (Becton Dickinson). Cell Quest software performed data

processing and quadrant statistics to calculate viability. This procedure counts

necrotic cells as well as late-apoptotic cells as ‘‘dead’’ once their membranes are

sufficiently dysfunctional to allow the invasion of the applied dye. The two-color

fluorescence assays were done in parallel with routine trypan blue exclusion assays

[11]. The following correlation between both methods, [viability FACS] = 0.90

[viability trypan]; R2 = 0.64, was determined for viability values ranging from 70 to

90%. The slope and the low value of the correlation coefficient is due to early

apoptotic cells which are counted as ‘‘alive’’ with trypan and ‘‘dead’’ with the two-

color fluorescence assay.

2.3. In situ microscope (ISM)

The water-immersed objective of our ISM has a magnification of 40� with a

numerical aperture of 0.75. The ISM operates with LED-pulsed illumination at

610 nm, of 300 ns in duration, synchronized with a standard B/W CCD camera in

order to generate still-images from a moving suspension of cells [17]. An area of

0.051 mm2 is covered by a camera pixel. Only one single momentary image is

obtained from a set of cells which happens to be moving through the observed

probe volume during a short illumination flash. After each illumination flash, the

flowing suspension immediately shifts a new cell-sample into the probe volume.

Subsequent flashes will always image entirely new cell-samples. Hence, it is

impossible to follow the dynamics of the morphology in individual cells with this

ISM. However, a modification of the viability can be observed as a statistical

increase of the frequency of cells with typical signs of cell-death. Cells with

increased inhomogeneity as a typical sign of modifications of intracellular

organelles were classified as irregular. As these cells are likely to be dead or dying,

we use their percentage with respect to the total cell number as a statistical

estimate ev of the viability.

2.4. Image analysis algorithm

The image evaluation algorithm was developed within the framework of WIT

(Dalsa), a graphical software platform. The algorithm’s task is to provide an estimate

of the viability as quickly as possible from a stream of online acquired micro-

photographs. A typical original ISM image is shown in Fig. 1. In the image analysis, a

few preparatory steps [11,18] are necessary before individual cell images can

actually be examined with respect to their texture.

2.4.1. Step1: noise reduction

Cell diameters were approximately 12–15 mm. Typical cell images were

approximately circular and they cover an image area of about 2200–3900 pixels.

Useful image structures were at least about 6 pixels in length. Therefore, a noise

reducing Gauss-filter with a mask of size 3 � 3 could be applied without the risk of

losing relevant image features.

2.4.2. Step 2: edge enhancement

An ISM without mechanical probe sampling can sharply visualize only those cells

which happen to be in the proximity of the objective’s focal plane. The probe

volume is therefore defined by optical sharpness and not by mechanical boundaries

[11,16]. Only sharply imaged cells are to be used for evaluation. In order to select

them, the algorithm should first enhance the sharp image features at the cost of the

more blurred structures. For this purpose, a highpass-filter with a 20 � 20 mask was

used. This way, all long range features like unsharp cells or illumination

inhomogenities were suppressed. In combination with step 1, a band-pass filter

is obtained which extracts the image information in a wavelength band of

approximately 4–20 pixels. In our camera, this is the wavelength band where the

relevant increase of variance appears in the case of damaged cells.

2.4.3. Step 3: segmentation

Using a threshold operation, a binary image is obtained which contains white

pixels on a black background. The sharply imaged cells in the original image are

now represented by closed or fragmented rings. At this point, there are still small

white objects from sharply imaged inner parts of the cells and from some unsharp

cells that escape the filtering process in step 1. At last, these small objects are

eliminated by a size filter which allows only larger objects to pass. The size filter is

implemented by counting the number of pixels of individual objects (blobs) and

setting a threshold of 100 pixels below which a blob is not passed on to the next

step.

2.4.4. Step 4: localizing individual cells

The localization of individual cells imposes the determination of their ‘‘centers’’.

This information is found by applying recursively a circular Hough transformation

to the image. This transformation emphasizes centers of regions which exhibit

some correlation with circles of given radius. In the transformed image, each pixel is

interpreted as the center of a circle. The brightness of this pixel is proportional to

the number of white pixels found on the circle in the original image. A suitable

threshold is applied to the Hough transformation in order to locate the centers of

objects associated with incomplete circles. Indeed, the white pixels representing a

cell are not always organized in perfect ring structures. In particular, damaged cells

tend to appear as fragmented regions whose centers can only be defined as centers

of segmented circles. For example, the seemingly dead cell in figure B5 is segmented

in a set of blobs which do not form a closed circle. In this case, the Hough

transformation is able to generate, in the center of the assembly of blobs, a pixel

which is bright enough to select the whole set. The iterative search runs from large

to small radius objects. The localized objects are removed from the image at each

step.

2.4.5. Step 5: variance of grey levels in each image of individual cell

The coordinates of cell centers are used to generate circular regions of interests

(ROIs) corresponding to the inner part of the cells. ROIs are used to calculate the

variance of the grey levels. Within these ROIs, the borders of cells should not be

included since they generate high variance which has nothing to do with variance

from cell damage. On the contrary, the contrast of cell borders and thus their

contribution to the overall variance tends to be reduced in damaged cells. In order to

get rid of the cell border, the ROI is confined to the interior part of the cell image by

setting its radius sufficiently small. The ROI radius is set to 18 pixels. This value in

most cases is less than 70% of the radius of the equivalent circular cell. Within each

Fig. 1. Example of a micro-photograph taken online with the in situ microscope.

Cells appearing with sharply imaged details belong to the probe volume. Healthy

‘‘regular’’ cells (A) and dying ‘‘irregular’’ cells (B) are indicated by arrows.
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cell ROI, the variance s2 and the standard deviation s of its grey-value distribution

are computed. The standard deviation s is the random variable of our statistics. It is

comparable to the intensity of the red or blue cell color in the counting procedure of

ethidium homodimer or trypan positive cells.

2.4.6. Step 6: computation of the estimated viability (ev)

The data base for each ev value consists of a set of 50 images showing on the

average 0.3 cells per image at the beginning and 1.94 at the end of the process. In

these images, the standard deviations of all the individual cells are computed. A

defined threshold value of the standard deviation determines whether an individual

cell is to be counted as ‘‘regular’’ or ‘‘irregular’’ (Fig. 1). If the standard deviation of

the cell exceeds the threshold, then the cell is to be counted as ‘‘irregular’’. The

estimate of the viability is then computed as the fraction of ‘‘regular’’ cells with

respect to the total set of cells.

ev ¼
ðtotal cell count� count of irregular cellsÞ

total cell count

In this study, the threshold value is optimized by minimizing the squared errors

with respect to the reference viability values from conventional flow cytometry.

It should be emphasized that the term ‘‘irregular’’ is a label similar to ‘‘dead’’ in

the sense that it allows specific counting, analogous to the counting of stained cells.

However, ‘‘irregular’’ is not exactly equivalent to ‘‘dead’’ since we cannot observe

the individual cells with the classical techniques allowing a certain alive/dead

discrimination. Instead, there is a statistical correlation between ‘‘irregular’’ and

‘‘dead’’.

3. Results and discussion

In general, microscopic images of dying or dead cells show a loss
of homogeneity and smoothness of texture and cell border. The cell
body obtains more and more irregular features [19], it becomes
more inhomogeneous and its border develops bulges [2]. As a
starting point, we examined microscopic images of individual
hybridomal cells.

Fig. 2 shows epifluorescence images of both healthy and dying
individual cells (A1 and B1). For comparison, ISM-images of one
regular and one irregular cell (likely to be dead) are shown in A2
and B2. There are obviously very similar patterns in corresponding
images. The dead cell (B1) and the ISM-irregular cell (B2) both
show strong variations in the texture of the cell body on a length-
scale of approximately 6 mm. This characteristic length is well
below the cell-size and it is also well above the characteristic
length of noise-structure and of the inner cellular granular
structure which is commonly exhibited by healthy cells in
microscopy. As opposed to dead cell’s images, the healthy cell
image (A1) and the regular ISM-cell image (A2) both exhibit a more
homogeneous texture. Fig. 2 also shows surface representations
(A3 and B3) of the ISM-images, which clearly demonstrate the
enhanced variation in the texture of irregular cells with typical
pattern sizes between 3 and 10 mm. The histograms of the grey

values are shown in A4 and B4. From these curves, a considerable
broadening of the grey-value dispersion in the case of seemingly
dead cells is evident. The variance of the grey values is 10.93 for the
cell presented in figure B2 and 5.40 for the cell presented in figure
A2. Concomitant to the loss of homogeneity in ISM-irregular cells,
the cell border obtained after the image analysis segmentation step
(B5) show major gaps. Contrast and coherence of this type of cells
decreases so that the cell body fades directly to the background. At
the opposite, ISM-regular cells show a continuous border line after
the image analysis segmentation step (A5) explained by a well
contrasted cell border for regular ISM-cell image.

Supported by the evidence appearing in such individual images,
we induce the hypothesis that the variance of the inner part of the
cells allows the identification of irregular cells which are likely to
be dead. So, the variance of the grey value in a circular region of
interest around the center of the cell is computed and its value is
compared to a threshold in order to classify the cell as regular or
not. A cell is irregular if its variance is above the threshold.

This straightforward definition of the ev-value parallels the
common industrial praxis of measuring the viability. Both
definitions are based on yes/no decisions about individual cells.
In the conventional staining-based definition, the decision
depends on whether an individual cell is sufficiently stained or
not. The ISM-decision depends on whether an individual cell has
sufficient variance in the grey-value distribution or not. This has to
be determined by using a suitable threshold value. Upon
measuring the standard deviation in individual images (format:
8 bits unsigned) of seemingly healthy and dead cells, a threshold
value of the standard deviation between 8 and 10 seemed
reasonable. A final value of 9.0 of this threshold was chosen in
order to obtain agreement with the mean value of the viability
from flow cytometry and trypan analysis.

The ev-magnitude as a function of time was compared to the
viability-curves from reference data obtained from flow cytometry
and trypan analysis (Fig. 3).

The figure shows the confidence intervals at 5% confidence level
for ev. This interval depends on the total count of detected cells
ranging from 15 to 97 and of the value of ev. The confidence
intervals differ from 0.044 to 0.25 – for the samples with few
selected cells. Fig. 3 shows that most of the flow cytometry-based
viability values are within the interval of confidence. Formally, the
differences between both methods cannot be considered as
statistically significant. A pronounced drop of ev appears at a
culture age of 90 h. At this moment, the oxygen injection was
stopped for 60 min. Anoxia (or hypoxia) can be used to induce the
apoptosis of murine hybridoms [15]. The influence of the anoxic

Fig. 2. Alive (A1) and dead (B1) individual naturally grown cells observed by epifluorescence microscopy (bar = 1 mm) after staining with calcein AM and ethidium

homodimer. Raw ISM-image of a cell likely to be alive (A2). Raw ISM-image of a cell likely to be dead or dying (B2). Surface representation (A3 and B3), histograms of the grey

values (A4 and B4) and binary images obtained after segmentation (A5 and B5) from the original ISM-images of the cells.
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shock on the viability is well exhibited by the ISM-based viability

estimation that drops from the value of 73% at 90 h to 54% at 96 h.
The value of 74% of the flow cytometry-based viability at 96 h is
significantly different from the value of 54%. This phenomenon is
explained by the absence of plasma membrane disruption in early
apoptotic cells [20] which prevents the cell to incorporate
ethidium homodimer and thus to be counted as ‘‘dead’’ (see
Section 2.2).

In summary, the image data from in situ microscopy contains
a fraction of cell images showing a remarkable resemblance with
dead cells that are imaged by conventional fluorescence micro-
scopy. Using the standard deviation of grey values as a criterion
of texture inhomogeneity, an algorithm was implemented for
the estimation of viability from online-ISM images. A trend over
time was observed, which was similar to that obtained from
reference viability data. Therefore, a correlation between the
estimated viability and the value obtained from conventional flow
cytometry seems to be likely. Based on these results, estimating
mammalian cell viability using in situ microscopy is worthy of
further exploration.
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[3] Walker NI, Harmon BV, Gobé GC, Kerr JFR. Patterns of cell death. Meth Achiev
Exp Pathol 1988;13:18–54.

[4] Wyllie AH, Kerr JFR, Currie AR. Cell death: the significance of apoptosis. Int Rev
Cytol 1980;68:251–306.

[5] Taatjes DJ, Sobel BE, Budd RC. Morphological and cytochemical determination
of cell death by apoptosis. Histochem Cell Biol 2008;129:33–43.

[6] Golstein P, Kroemer G. Cell death by necrosis: towards a molecular definition.
Trends Biochem Sci 2007;32:37–43.

[7] Collins JA, Schandl CA, Young KK, Vesely J, Willingham MC. Major DNA frag-
mentation is a late event in apoptosis. J Histochem Cytochem 1997;45:923–34.

[8] Ulber R, Frerichs JG, Beutel S. Optical sensor systems for bioprocess monitor-
ing. Anal Bioanal Chem 2003;376:342–8.
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