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a b s t r a c t 

The analysis of geometrical cell shape is fundamental to understand motility, development, and 
responses to external stimuli. The moment invariants framework quantifies cellular shape and 
size, although its applicability has not been explored for rod-shaped bacteria. In this work, we use 
moment invariants to evaluate the extent of cell shape change (projected area and volume) during 
plasmolysis, as Escherichia coli cells are subjected to hyperosmotic shock. The characteristic cell 
size descriptors width, length and area show systematic decrease as external salt (NaCl) conditions 
increase —except for high salt, where a small population of cells shows evidence of membrane 
rupture. We use these two-dimensional results to estimate cell volume during plasmolysis, finding 
a minimum volume that is not reduced further with increase in salt concentration. Next, we 
computed elongation and dispersion, metrics that quantify how cell shape is stretched out or 
differs from an ellipse, respectively. For dispersion, we observe the development of a long tail for 
the distribution at high salt. Moreover, the use of elongation-dispersion plots enables distinction 
of plasmolyzed and normal cells despite the presence of broad distributions. Altogether, a protocol 
is provided to evaluate bacterial shape, highlighting a set of metrics that help distinguish among 
bacterial populations. 

• Moment invariants enable quantitative description of bacterial morphology in two dimen- 
sions, and estimation of volume 

• We apply the moment invariants framework to describe changes in bacterial shape during 
plasmolysis 

• The proposed methodology shows suitability to distinguish among cellular populations. 
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Specifications Table 

Subject area: Agricultural and Biological Sciences 
More specific subject area: Microbiology 
Name of your method: Quantitative analysis of bacterial shape 
Name and reference of original method: Moment Invariants 

G. A. Dunn and A. F. Brown, “Quantifying Cellular Shape Using Moment Invariants, ” in Biological Motion: Proceedings 

of a Workshop held in Königswinter, Germany, March 16–19, 1989 , W. Alt and G. Hoffmann, Eds., Berlin, Heidelberg: 
Springer Berlin Heidelberg, 1990, pp. 10–34. doi: 10.1007/978-3-642-51664-1_2. 

Resource availability: Any modern PC or laptop 

Background 

The analysis of geometrical shape is a fundamental step towards understanding cellular motility [ 1 , 2 ], development [ 3 ], and re-
sponse to external stimuli [ 4 , 5 ]. In both prokaryotic and eukaryotic cells, shape arises from the collective formed by several molecular
determinants (most notably the cytoskeleton, the cell membrane, among others) in interaction with the physical environment outside 
of the cell (the extracellular matrix, the substrate). Therefore, analyses of cellular geometry could yield important information about
the mechanisms behind how cells translocate, divide, or communicate. Consequently, approaches to inspect cellular geometry have 
been developed, ranging from optical [ 6 ] to electrical methods [ 7 ]. 

A classic pipeline to analyze cellular shape includes image acquisition using optical microscopy, single-cell segmentation, and 
evaluation of morphology [ 6 , 8–12 ]. In this approach, segmentation enables recovery of the set of ( x,y ) coordinate points correspond-
ing to the cell boundaries, from where the metrics that characterize cell shape are determined. Typically, specific tagging of the
cellular membrane and fluorescence microscopy visualization enables extraction of the cell boundaries, although photobleaching and 
phototoxicity (for living specimens) are of concern. One attractive alternative to fluorescence microscopy is label-free bright-field 
microscopy [ 8 ]. Indeed, researchers have analyzed Differential Interference Contrast (DIC) microscopy images to extract cell shape, 
using from edge detection filters [ 13 ] to deep learning [ 14 ]. In our group, we have previously used plain bright-field imaging and
image deconvolution to register bacterial cell shape changes under osmotic pressure [ 15 ]. 

One aspect of cellular morphology that is often evaluated is size, either in terms of area, length or width. Assessment of cellular size
is of importance in cytometry or whenever distinct cell populations must be identified; however, several additional shape parameters 
can be explored (e.g. circularity, elongation, contour concavity, tangent orientations, lobe or branch characteristics, etc.) [ 16 ], with
the potential to provide useful information towards detailed, robust cell classification schemes. In the effort to quantify cellular shape
beyond size, the geometrical moment invariants framework [ 17 ] is ideally suited, as it provides a systematic approach that (at least for
the first moments) offers a physical interpretation of parameters. Although successfully applied to mammalian cells (well known for
their intricated shapes), the invariant moments framework has not been tested for bacteria (where size descriptors are often limited
to length, width, and area). 

In this work, we use moment invariants to evaluate changes in morphology as Escherichia coli cells are subjected to hyperosmotic
shock. We find that the parameters derived from the geometrical moments are useful to characterize the deformation of the bacterial
cells during plasmolysis. Furthermore, assuming symmetry in the rod-shaped bacteria and using a scaling argument, we show it is
possible to estimate cellular volume. Our work demonstrates a tool to evaluate cellular size metrics beside area, contributing to
available protocols aimed at sizing bacteria, providing metrics that help distinguish between bacterial populations. 

Method details 

Sample preparations, imaging, and extraction of cell contour . The following procedures have been fully described in Ref. [ 15 ]. 

• Sample preparations and imaging. E. coli BL21 DE3 cells were cultured overnight in Luria Broth (LB) at 37 °C under constant
shaking and used for fluorescence staining. For hyperosmotic shock, bacteria were subcultured to reach an optical density of
∼0.6–0.8 and used for experiments. To induce hyperosmotic conditions, a sample of cells was introduced in microscopy flow
chambers and left to bind to poly- l -lysine-coated coverslips for 15 min. LB was exchanged with 10 mM Tris–HCl (pH 7.5), and
buffer exchange was performed with the Tris–HCl buffer supplemented with NaCl at one of the following concentrations: 0 M,
0.25 M, 0.5 M, and 1.0 M Finally, the flow cell was then sealed using valap, and samples were taken to the microscope for
observation. 

• To perform bright-field imaging, a home-made microscope was set to Kohler illumination, with the numerical aperture of the 
condenser adjusted to 0.1. The microscope included: a light emitting diode (LED) with peak wavelength 𝜆∼450 nm as the illumi-
nation source, a 100 × detection objective lens (oil immersion, NA = 1.3, Olympus), a z -axis piezoelectric stage (Nano-Z200, Mad
City Labs, Madison, WI), and an 8-bit charge-coupled device (CCD) camera (MV-D1024E-160-CL, Photonfocus, Lachen, Switzer- 
land). These steps were followed: (i) the microscope was first set in focus and then defocused using the automated z -stage to the
pre-established value z = − 2 μm. z < 0 values correspond to the objective lens moving away from the specimen; (ii) 30 frames
were acquired and averaged, providing a single image that was transferred to a computer for off-line digital processing; (iii) the
microscope stage was moved to sample a different field of view, then repeating steps (i)-(ii). 

• To implement quantitative image restoration in bright field (QRBF) [ 15 ], 2D deconvolution was performed on single BF im-
ages of bacteria attached to coverslips, using an iterative deconvolution algorithm available in the ImageJ plugin Deconvolution 
2
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Fig. 1. Typical examples of cell contours for increasing salt concentration. False-color insets show final cell images after deconvolution, whereas 
extracted cell contours are shown as black lines. Scale bar: 1 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lab [ 15 , 18 ]. The PSF used to perform deconvolution was generated by first computing a 3D theory-based PSF, and then by ex-
tracting the single x - y slice that has the same amount of defocus as the experimental images ( z = − 2 μm). Parameters used in
Deconvolution Lab: Algorithm = Tikhonov-Miller; regularization parameter (lambda) = 0.005; number of iterations (k) = 100; posi- 

tivity constraint = true; normalize PSF = true; recenter PSF = true; initial estimation = a blank image; use FFTW = false. No further
processing for image appearance was performed after deconvolution. 

• Cell image segmentation. The following digital processes were carried out in ImageJ on deconvolved images. 1) Median smoothing
(radius = 1); 2) Threshold, leaving unmodified pixels with counts above the value 13.0, and setting counts of all other pixels
to zero; 3) Binarize; 4) Analyze Particles , with parameters ( size = 180–600 pixels2 , circularity = 0.0–0.8, show = Masks); 5) Dilate
identified particles; 6) Analyze Particles , with parameters ( size = 0-Infinity pixels2 , circularity = 0.0–1.0), recording the bounding box
coordinates of each particle found; and 7) Use bounding box coordinates to duplicate images of individual bacteria, and store
images for posterior analysis. 

• Bacterial cell contour. We applied the following procedure for each image of individual bacteria. 1) The average pixel intensity
( Iavg ) was found, for those pixels with count values above 10 (to avoid including background). 2) A threshold value ( Ith ) was
established: Ith = T × Iavg , with T = 0.6. 3) The cellular contour is the collection of points with intensity values corresponding
to Ith . To find these points, ( i,j ) pixels with intensity value Ii , j > Ith were first identified, and then the eight neighbor pixels were
further analyzed. When a ( k,l ) neighbor pixel with intensity Ik , l < Ith was found, the coordinates ( xn ,yn ) of the n -th cell contour
point was produced by linear interpolation between the ( i,j ) and ( k,l ) pixels: xn = f × ( Ii , j - Ith )/( Ii , j - Ik , l ) + i , where f can take the

values (0, 1, 
√
2 ) depending on the location of the ( k,l ) pixel with respect to the ( i,j ) pixel (above or below, left or right, diagonal,

respectively). The corresponding procedure was followed to find yn . Typically, each bacterium contour consisted of N ∼200 points. 
Finally, points were sorted based on Euclidean distance, a 5-point binomial overall smoothing was applied, and the coordinates
of the endpoints were made equal by averaging. Cell contour analysis was performed using Igor Pro. 

The moment invariants method, and its application to bacterial cells under hyperosmotic shock 

We previously obtained the contours of E. coli cells subjected to increasing concentrations of NaCl using two-dimensional quanti-
tative image restoration in bright field (2D-QRBF) [ 15 ]. In 2D-QRBF, immobilized cells were imaged using high-contrast bright-field
optical microscopy under a slight (2 μm) defocus, recorded images were deconvolved with a (phase) point spread function with the
same defocus, and subsequent segmentation enabled extraction of the set of coordinates Ck = {( x,y )}k corresponding to the contour
of the k th cell. The set of contour coordinates C constitutes the starting point for the analysis performed in the present work. 

Fig. 1 shows how the initial rod-shape typical of bacteria under no external stress ([NaCl] = 0) changes as salt concentration
increases. Under the influence of hyperosmotic stress, bacteria develop plasmolysis, where plasma membrane contraction limits the 
extent of the cytoplasm. This effect causes bacteria to change shape under the optical microscope. Our images ( Fig. 1 ) show the
development of invaginations and contractions in cells that increase in number and extent as salt concentration increases. Despite 
this behavior, we find that for [NaCl] = 1 M some bacteria show an apparent normal shape (no deformations), suggesting rupture of
the plasma cell membrane and filling by the cytoplasm of the capsule defined by the cell wall. 

To characterize changes in cellular morphology during plasmolysis, we use the two-dimensional geometrical moment invariants 
[ 17 ]. The raw moments are given by: 

𝑚𝑗𝑘 = ∫
∞

∫
−∞

𝑥𝑗 𝑦𝑘 𝑓 ( 𝑥, 𝑦 ) d 𝑥 d 𝑦 

where j and k are non-negative integer numbers, the order of each moment is j + k , and the function f ( x,y ) represents mass distribution.
We assume f ( x,y ) = 1 for points located within the cell body and 0 elsewhere, as our aim is to provide a geometrical description of
3
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cells. For digitized cell images, and provided the set of n coordinate pairs C = {( x,y )} for a given cell outline, the raw moments can
be calculated as [ 17 ]: 

𝑎𝑖 = 0 . 5
(
𝑥𝑖 𝑦𝑖 −1 − 𝑥𝑖 −1 𝑦𝑖 

)

𝑚00 =
𝑛 ∑
𝑖 =1 

𝑎𝑖 (1) 

𝑚10 =
1 
3 

𝑛 ∑
𝑖 =1 

𝑎𝑖 
(
𝑥𝑖 −1 + 𝑥𝑖 

)
(2) 

𝑚20 =
1 
6 

𝑛 ∑
𝑖 =1 

𝑎𝑖 
(
𝑥2 
𝑖 −1 + 𝑥𝑖 −1 𝑥𝑖 + 𝑥2 

𝑖 

)
(3) 

𝑚11 =
1 
12 

𝑛 ∑
𝑖 =1 

𝑎𝑖 
(
2𝑥𝑖 −1 𝑦𝑖 −1 + 𝑥𝑖 −1 𝑦𝑖 + 𝑥𝑖 𝑦𝑖 −1 + 2𝑥𝑖 𝑦𝑖 

)
(4) 

with corresponding formulas for m01 and m02 . These values depend on the cell area. To obtain values for the moments that are
invariant to translation, dilation and rotation, the moment invariants are calculated [ 17 ]. Starting from the raw moments, the central
moments ( ′𝑚𝑗𝑘 ) are first obtained: 

′𝑚20 = 𝑚20 − 𝑎�̄�2 (5) 

′𝑚11 = 𝑚11 − 𝑎�̄� ̄𝑦 (6) 

′𝑚02 = 𝑚02 − 𝑎�̄�2 (7) 

�̄� =
𝑚10 
𝑚00 

; �̄� =
𝑚01 
𝑚00 

and are invariant to translation. Here, a = m00 is cell area, and ( ̄𝑥 , �̄� ) centroid coordinates. Next, invariance to change of scale is
achieved with the normalized central moments: 

′′𝑚𝑗𝑘 =′ 𝑚𝑗𝑘 ∕𝑎( 𝑗+ 𝑘 +2 ) ∕2 (8) 

Finally, the rotational invariants ( ′′′𝑚𝑗𝑘 ) are obtained as: 

′′′𝑚20 =′′ 𝑚20 𝑐
2 + 2′′𝑚11 𝑐𝑠 +′′ 𝑚02 𝑠

2 (9) 

′′′𝑚02 =′′ 𝑚20 𝑠
2 − 2′′𝑚11 𝑐𝑠 +′′ 𝑚02 𝑐

2 (10) 

𝜑 = 1 
2 
ta n−1 

[ 
2′′𝑚11 

′′𝑚20 −′′ 𝑚02 

] 
; 𝑐 = cos ( 𝜑) ; 𝑠 = sin ( 𝜑) 

These metrics ( Eq. (9) - 10 ) are called the moment invariants, and are descriptors of shape independent of scale, choice of coordinate
axes (location and orientation). 

Method validation 

To apply this framework to bacteria under hyperosmotic shock, we start by computing characteristic cell length and width and
comparing with previously published results. We recall the concept of the equimomental ellipse, where it is possible to find a unique
elliptical shape with the same invariant moments corresponding to the original shape through the second order [ 17 , 19 ]. The long
and short radii of the equimomental ellipse are given by: 

𝐴 = 2
√

′′′𝑚20 𝑎𝑛𝑑 𝐵 = 2
√

′′′𝑚02 (11) 

respectively. Fig. 2 shows the computed cell length 𝐿 = 2 𝐴
√
𝑚00 , and width 𝑊 = 2 𝐵

√
𝑚00 for the bacterial cell populations subject

to increasing salt concentration. 
At [NaCl] = 0, the distribution for length is broader compared with width, reflecting the fact that cells are imaged during various

stages of cell duplication. Upon hyperosmotic shock, bacteria undergo compaction in size, where the mean of the distributions for
both length and width decrease linearly with increased salt concentration until [NaCl] = 0.5 M (see insets in Fig. 2 B). At [NaCl] = 1 M
cell size is not reduced further; in addition, a small population emerges with increased width and length (see Fig. 2 A), thus confirming
the qualitative observation that at the highest salt concentration some cells show a shape similar to the no salt condition. 
4
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Fig. 2. Characteristic cell length and width during hyperosmotic shock, computed using the invariant moments approach. (A) 2D histograms of 
length vs. width. At [NaCl] = 1 M a small population emerges (violet arrow), distinct from the main population (gray arrow). (B) Normalized 
distribution of length (left) and width (right) for various salt concentrations. Insets show mean and standard deviation (error bars) values of the 
distributions. N = 2337 (0 M), 4654 (0.25 M), 6801 (0.5 M), 6150 (1 M). 

Fig. 3. Comparison of the ratio length/width obtained using two independent methods. The values L / W are computed using the invariant moments, 
whereas the values Lc / Wc ( Lc , Wc represent “caliper ” length and width, respectively) are computed using measurements of cell length and width at 
various positions within the cell body (see Ref. [ 15 ]). 

5
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Fig. 4. Behavior of cell area distribution upon increase in NaCl concentration. Inset shows mean values; error bars: SD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results for characteristic length and width using the invariant moments ( Fig. 2 ) are comparable to a previously published
result ( Fig. 2 B-C in Ref. [ 15 ]) that used a much more involved “caliper ” method (based on the assumption that the cell has one
main axis, and on averaging measurements of width at various positions within the cell body). A plot of the ratio length/width for
the two methods is shown in Fig. 3 , revealing identity between the two approaches. From these observations, we conclude that the
invariant moments method yields accurate results for characteristic cell length and width, with the advantage of simplicity and that
no assumptions are needed. Moreover, the geometrical moments provide further information about the shape of the cell (as shown
below). 

Next, we consider the behavior of cell area ( m00 ) as a function of salt concentration ( Fig. 4 ). At [NaCl] = 0, we observe a
broad distribution (corresponding to cells caught in various phases of development) with mean ∼1.5 μm2 . Cell area decreases with
salt increase, and the corresponding distributions for [NaCl] = 0.5 M and 1.0 M are similar, with mean cell area ∼1.0 μm2 . The
distributions at the highest salt concentrations also reveal that cell area does not reach below Amin ∼0.6 μm2 . These results can be
used to estimate cell volume, using the symmetry present in rod-shaped bacteria and scaling. We asked what fraction of the original
cell volume this lower area limit represents. At [NaCl] = 0 M we consider the bacterial cell as a cylinder of length l0 capped by two
hemispheres of radii r ; the cell volume is V0 = 𝜋r2 l0 + (4/3) 𝜋r3 and the projected area is A0 = 2 rl0 + 𝜋r2 . In this last formula, we
take A0 = 1.5 μm2 and r = 0.4 μm (at [NaCl] = 0 we measured a mean cell width ∼0.8 μm), from where l0 = 1.25 μm. Substituting
the values for r and l0 in the expression for cell volume, we find V0 = 0.9 μm3 . Now, for Amin at [NaCl] = 0.5 M, the cell has shrunk
considerably and therefore we approximate Vmin = ( Amin )

3/2 = 0.46 μm3 = 0.5 V0 . Therefore, we conclude that at [NaCl] = 0.5 M the
minimum volume enclosed by the cell membrane is about half of the original cell volume. Moreover, this minimum volume does not
decrease upon increase of salt concentration beyond 0.5 M 

The invariant moments framework offers two additional metrics that characterize cellular geometry regardless of scale, orientation 
or position: elongation and dispersion. The characteristic elongation ( E ) of the cell can be evaluated using the long ( A ) and short ( B )
radii of the equimomental ellipse (see Eq. (11) ) as: E = log2 ( A / B ). Elongation is zero when the cell is not elongated (a circle) and one
if A / B = 2. We computed elongation values for bacterial cells under increasing salt conditions ( Fig. 5 A, left). The distributions are
wide, and shift towards lower values as salt concentration increases. At [NaCl] = 0 nearly all cells have elongation values above 1.0,
with E0 M 

= 1.63 ± 0.34, whereas at [NaCl] = 0.5 M about 17 % of cells show elongation values below 1.0, and E0.5 M 

= 1.44 ± 0.40
(mean ± SD). Correspondingly, the equimomental ellipse has values A / B = 3.1 ([NaCl] = 0) and A / B = 2.7 ([NaCl] = 0.5 M). These
observations are consistent with the notion that plasmolyzed cells adopt a more compact geometry compared to the unperturbed 
elongated shape and provide a quantitative distinction between the two populations. Yet, even at high salt concentration cells show
significant elongation. 

Dispersion characterizes how much the shape of the cell compares with an ellipse [ 17 ], and it is calculated as D = log2 ( 𝜋AB ). As
a reference, a cell of elliptical shape has D = 0; in our case, we expect low dispersion values for [NaCl] = 0. Application of this metric
to our data ( Fig. 5 A, right) shows the expected behavior for no salt, and that the distributions are similar. A detailed look, however,
reveals the development of a long tail for the distribution at high [Na] (noticeable in the cumulative distribution, inset of Fig. 5 A,
left). This behavior is consistent with the fact that plasmolysis induces void areas in the traditional shape of a bacterium, thereby
departing from an approximately ellipsoid shape. 

One characteristic of the distributions of area, elongation, dispersion, is that they are broad, regardless of salt condition. However,
when plotting elongation vs. dispersion ( Fig. 5 B) we observe a narrow distribution at [NaCl] = 0. Moreover, the elongation vs.
dispersion data at this no-salt condition follows an approximate linear relationship with a slope value ∼20. This implies that small
departures from an elliptical shape are accompanied by a drastic increase in elongation. This behavior occurs for cells at late stages of
division, where the septum and the appearance of kinks in the overall elongated shape of the dividing cell contribute to an increase
in dispersion. Finally, we note that the elongation vs. dispersion distribution broadens significantly with salt increase. Using this 
comparison, the distinction between regular and plasmolyzed cells is thus straightforward. 

Altogether, we have shown that the methodology provided by the invariant moments to quantitatively characterize cell geometry 
is a simple, convenient, and accurate tool, with application for bacterial cells. Indeed, previous studies using this tool have focused
6
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Fig. 5. Elongation and dispersion for bacterial cells subject to hyperosmotic shock. (A) The distributions for elongation. (B) The distributions for 
dispersion. Insets show the cumulative distributions. (c) 2D histograms of elongation vs. dispersion for all salt conditions tested. 

 

 

 

 

 

 

 

 

 

 

on mammalian cells [ 20 , 21 ] or amoeba [ 22 ] to quantify motility or growth. With the application of increasing salt concentrations,
we have shown that the invariant moments provide means to characterize the distinct E. coli populations (normal and plasmolyzed
cells), using less involved and more robust computations compared with previously used methods for these cells [ 15 ]. 

Application of the invariant moments to bacterial plasmolysis has enabled us to estimate changes in area and volume upon
increasing salt concentration. Moreover, we have found that cells reach a minimum volume (roughly half of the volume of the
original cell) at [NaCl] = 0.5 M and increase in [NaCl] does not reduce the volume further, rather leading to events where full cell
area is recovered (which we attribute to membrane rupture and filling of the capsule by the cytoplasm). The minimum volume found
in plasmolyzed cells approaches the expected volume that is occupied by macromolecules in normal cells (20–30 %) [ 23 ], indicating a
possibly factor involved in establishing said minimum volume. Lastly, in highly plasmolyzed cells elongation is much reduced, posing
challenges to algorithms that measure size based on “caliper ” methods (as they must characterize cells along multiple directions). By
computing global metrics, the method of invariant moments does not suffer from this problem, providing an excellent alternative for
the characterization of geometry in cells. 
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