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Abstract—A  novel quasi-three-dimensional (quasi-3D) INTRODUCTION

microscopy technique has been developed to enable visual-

ization of a cell under dynamic loading in two orthogonal Recent experimental and theoretical studies have
planes simultaneously. The three-dimensional (3D) dynamics shown that intracellular deformation of cells under

of the mechanical behavior of a cell under fluid flow can be
examined at a high temporal resolution. In this study, a
numerical model of a fluorescently dyed cell was created in

fluid flow is inhomogeneous and location and height
dependent,'>'* highlighting the importance of accu-

3D space, and the cell was subjected to uniaxial deformation rately measuring the three-dimensional (3D) intracel-
or unidirectional fluid shear flow via finite element analysis. lular strains. One typical image-based method to
Therefore, the intracellular deformation in the simulated cells measure intracellular strains under mechanical loading

was exactly prescribed. Two-dimensional fluorescent images
simulating the quasi-3D technique were created from the cell
and its deformed states in 3D space using a point-spread

is to use fluorescent dyes or proteins to visualize
intracellular structures and then record their displace-

function (PSF) and a convolution operation. These simulated ments using microscopy. Numerical methods are then
original and deformed images were processed by a digital utilized on these images to calculate the intracellular
image correlation technique to calculate quasi-3D-based deformation.®!'?

intracellular strains. The calculated strains were compared
to the prescribed strains, thus providing a theoretical basis
for the measurement of the accuracy of quasi-3D and wide-

The most common microscopy techniques to visu-
alize intracellular structures are wide-field fluorescent

field microscopy-based intracellular strain measurements microscopy or confocal/deconvolution microscopy.
against the true 3D strains. The signal-to-noise ratio (SNR) However, traditional wide-field fluorescent microscopes
of the simulated quasi-3D images was also modulated using are limited by their lack of z-direction (depth) infor-

additive Gaussian noise, and a minimum SNR of 12 was
needed to recover the prescribed strains using digital image
correlation. Our computational study demonstrated that

mation, and confocal/deconvolution techniques, while
3D, lose temporal resolution due to the necessity of

quasi-3D strain measurements closely recovered the true 3D raster scanning a z-stack."! Previously, our laboratory
strains in uniform and fluid flow cellular strain states to developed a quasi-three-dimensional (quasi-3D) imag-
within 5% strain error. ing system that can observe a single cell in two orthog-

onal planes simultaneously by using two wide-field
Keywords—Wide-field fluorescence microscopy, Numerical fluorescent microscopes, thereby allowing additional
simulation, Point spread function, Convolution. z-direction visualization without a loss in temporal

resolution. Details about the quasi-3D image system
can be found in a previously published article.” The
quasi-3D technique was used to calculate quasi-3D
intracellular stain fields of a single cell under fluid flow.

Strain is defined as the deformation of a point in a
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information from blurred out-of-focus planes related
in Fourier optics by a point spread function (PSF) that
may distort the accuracy of image-based strain calcu-
lations. Furthermore, the relationship and accuracy
between the “quasi-3D” strain field calculated through
a “compressed” two dimensional image to the real
strain in 3D space is unknown.

In this study, a computational model was developed
to investigate prescribed 3D strain states with wide-
field quasi-3D microscopy-based strain measurements
using the PSF and convolution operation. A “‘virtual”,
simulated 3D fluorescently dyed cell was input into a
finite element computational model and mechanically
deformed by a fluid-structure-coupled finite element
analysis (FEA) model to generate precise levels of
intracellular strain. Quasi-3D images were generated
from the model cell and its deformed states using a
PSF and convolution operation.™!”

A digital image correlation technique used in the
actual experimental measurements was employed to
calculate the quasi-3D strains for comparison to the
finite element prescribed strains. Therefore, the accu-
racy and precision of quasi-3D intracellular strain
measurements were investigated theoretically.

The objectives of this study were to: (1) establish a
numerical mathematical model to mimic cell defor-
mation under fluid flow based on FEA; (2) obtain
simulated quasi-3D images of the cell states in (1) using
PSF and convolution and calculate intracellular strain
fields using the same digital image correlation and
differentiation technique in previous quasi-3D mea-
surements; and (3) determine the accuracy of quasi-3D
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image-based strain calculations vs. the prescribed
deformations by FEA.

METHODS

The details of quasi-3D microscopy and related
intracellular strain calculations can be found else-
where.> Briefly, a custom-designed dual-microscope
system consisted of an inverted microscope and an
upright microscope. A custom-built holder aligned a
45° mirror in the light path of the upright microscope
to obtain “‘side-view’” images of a single cell, while the
inverted microscope obtained regular “bottom-view”
images of the same cell simultaneously (Fig. 1a). The
cell was imaged in a glass tube with a rectangular
cross-section, which provided perpendicular glass
planes for high-resolution imaging and also served as a
fluid flow chamber. Both microscopes used 60x
LUCPLNFLN long working distance objective lenses.
Epi-fluorescent images (0.215 um/pixel resolution)
captured from both microscopes were processed by
digital image correlation for determination of dis-
placement fields. The resulting x—y (for bottom-view)
and x—z (for side-view) displacement fields (see axis
definitions in Fig. la) were smoothed and differenti-
ated using a 2D Savitsky-Golay bilinear least-squares
filter.’ Finite Lagrangian strain fields were calculated
from the differentiation fields (three bottom-view
strains: E,,,, bottom-view E.,, and E,,; and three side-
view strains: E.., side-view E,., and E..). Subcellular
regions in a cell were also defined for analyzing
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(a) Schematic of the quasi-3D microscopy setup. (b) Axes for x—y plane bottom-view and x-z plane side-view images in

the quasi-3D system defined. Subcellular location divisions are depicted. Subcellular thirds for bottom and side views are in blue
lines, and subcellular heights for side-view are in red lines. The axes of the cube model were the same as in the cell shape model.
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heterogeneous strain distributions in both bottom-view
and side-view (Fig. 1b).

The computational approach involved generation of
fluorescent images of cell slices using a digital fluores-
cence algorithm (Fig. 2). The original and deformed
objects represented by their resultant fluorescent
images have a one-to-one correspondence with their
respective models in FEA. Therefore, the deformation
strain states of these objects were precisely quantified.
These original and deformed image slices of an object
were convolved to create a ‘‘simulated” quasi-3D
image of the object using the PSF of our microscopy
system. A digital image correlation technique was used
to calculate the quasi-3D strains for comparison to the
finite element prescribed strains.

Digital Fluorescence Algorithm

To mimic the light properties of randomly distrib-
uted intracellular fluorescent dye particles, randomly
distributed points in 3D space in an object were treated
as particle point sources of light with an assigned value
of light intensity. The mean fluorescent light intensity
for a cell measured in our quasi-3D images was used to
mimic that of a simulated cell. However, the light
intensity of each individual particle was assigned a
randomly generated value from a Gaussian distribu-
tion. The light intensity values generated by the
Gaussian distributor were in the same range as those
typically seen in experimentally obtained quasi-3D
images in our system. A distance decay function was
adopted to assign the light intensity from each particle

point to a surrounding 5 x 5 x 5 image pixel grid to
create a nonuniform light intensity pattern similar to
fluorescent images of cells with punctate structures
~1 pum in size. The distance between two adjacent grid
points, i.e., the image pixel resolution, was the same as
the quasi-3D system, 0.215 um. The distance decay
function was:

14(z) = Ip(0) x f(z) = Ip(0) x % l‘?osl @

{O0-0)) -~

where 1,(0) is the initial light intensity and the parameter
o is the bandwidth. We set o = 10 um. z is the distance
from the points (i, j) to the adjacent point (i + Ai,
j + Aj). From this procedure, a “virtual”, simulated 3D
fluorescently dyed cube or a hemi-spherical cell-like
object was created. Figure 3 shows representative 2D
fluorescent sections of a cube and a realistic cell. By
running the Gaussian random light intensity value
generator several times, five sets of virtual cubes or hemi-
spherical cells (n = 5 each) were created for subsequent
processing and analyses. The edge length of the cube was
15 um, and the diameter of a typical rounded, realistic
cell was about 15 um as well. The realistic cell 3D shape
was reconstructed from previous quasi-3D cell mem-
brane images.” It should be noted that the spatial posi-
tions of the fluorescent dye particles were used as nodes
of tetrahedral elements in the finite element model of the
same cell to precisely prescribe cellular deformations.
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FIGURE 2. Flow chart of the procedure to compare 3D FEA-based strains with quasi-3D-based strain measurements. Fluorescent
images of a single cell were simulated and their deformed counterparts were created via FEA. The intracellular deformation in the
simulated cells was precisely determined. Quasi-3D images of cells were simulated by convolving these 3D cells with a PSF. These
simulated original and deformed images were processed by digital image correlation to calculate quasi-3D strains. These calcu-
lated strains were compared to the FEA predicted strains, thus providing a theoretical basis for the measurement of the accuracy

of quasi-3D intracellular strain measurements.
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168 Qiu et al.

FIGURE 3. Sample (bottom) x—y and (side) x—z focal plane
slices from (a) the cube model and (b) realistic cell model after
application of the digital fluorescence algorithm and before
convolution with the PSF.

Deformed Cube Images

In order to precisely create deformation of the cube,
we created a 15 um cube finite element model using
commercial finite element software ADINA 8.6.2
(ADINA R&D, Waterman, MA). The fluorescent
particle points were used as nodes of the tetrahedral
elements in the model. The size of each element was
about 1 um. Three uniaxial tensile (E,,, E,,, and E..)
and two uniaxial shear strain conditions (£, and E..)
were applied to the model. The uniaxial strains in the
cube were homogencous in the applied direction. A
linear elastic solid model was adopted as the constitutive
cube material model. The Young’s modulus was set as
1 kPa, and the Poisson’s ratio was 0.45.

Appropriate uniaxial displacement boundary con-
ditions were imposed to ensure uniaxial tension or
shear strains. The cube was deformed in 20 uniform
incremental deformation steps. All the element nodes
were deformed within the whole cube. Therefore, the
deformed positions of fluorescent particle points were
tracked and used to generate the corresponding simu-
lated deformed images of the cell. Uniaxial strain and
simple shear cases were applied to the cube model in
directions corresponding to the measurable strains in
the quasi-3D technique (i.e., E,, bottom-view, E,,, E..,
E,,, E., side-view, and E..).

VY

Realistic Cell Images under Fluid Flow Deformation

The fluorescent particle positions of a 3D realistic
cell were used as nodes and input into a fluid—structure
interaction finite element model using ADINA. The
fluid and solid solution variables were fully coupled.
The flow boundary conditions were set to give a wall
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shear stress of 7 dynes/cm” in a tube of the same
rectangular cross-section as in our previous experi-
mental study. Flow was applied for 10 s in the FEA
model followed by a 10 s rest period. The cell was
deformed in 27 steps with the same incremental
deformation amplitude over 20 s. The deformed posi-
tions of fluorescent particle points were tracked and
used to generate the corresponding simulated images
of the deformed cell.

Quasi-3D Image Simulation and Strain Calculation

The quasi-3D technique consists of two wide-field
fluorescent microscopes that can simultaneously and
independently obtain 2D images of a cell in the
orthogonal “bottom-view” x—y and ‘‘side-view” x—z
planes. To mimic this image technique, the 3D simu-
lated fluorescent images (n = 5 for either cube or cell
images) were convolved with a PSF onto x—y or x—z
plane slices to create simulated bottom or side view
fluorescent wide-field microscopy images for quasi-3D
analysis. The PSF describes the response of an imaging
system to a point source or point object of light. With
linear optics, the image of a complex object can then be
seen as a convolution of the true object and the PSF. In
this case, the “true’” object was the simulated image of
a cell. With information of the specific PSF for our
microscopy system, we generated 2D bottom or side
views of the cell. We adopted a PSF that used an
analytical derivation using Fraunhofer diffraction
along with a 0.7 Numerical Aperture, 60x magnifica-
tion, 510 nm wavelength of emission light, and CCD
pixel size (12.9 um), to generate a 3D PSF.*’# The
convolution of the PSF and the light intensity matrix
containing the cell and all related calculations were
performed in MATLAB 2009b (The Mathworks, Na-
tick, MA). Furthermore, to test the effect of general
types of image noise on the accuracy of the PSF and
digital image correlation, additive steps of Gaussian
noise were uniformly applied to the quasi-3D image
slices of the cell model under fluid shear to decrease the
signal-to-noise ratio (SNR). SNR was defined as the
mean intensity of the inside of the cell subtracted by
the mean of the background non-cell region, divided
by the standard deviation of the background. Con-
volved sets of quasi-3D images of the object and its
deformed states were processed to obtain strain fields
according to a previously established technique.’
Briefly, each deformed image was compared against
the original using a digital image correlation technique
to obtain displacement ficlds inside the object. The
displacement fields were smoothed and differentiated
using a bilinear least squares filter and then Lagrang-
ian strains were determined.” The E.., E,,, and E,,
were calculated for the bottom-view images, and E..,
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E.., and E,. were calculated for the side-view images.
These average quasi-3D strains were compared with
the finite element prescribed strain values. To analyze
the effect of focal plane choice in the accuracy of the
quasi-3D strain calculations, 5 different planes from
the PSF-convolved cube were chosen (Fig. 4), and
these planes were tracked through the steps of applied
deformation. 3 planes were inside the cube, and 2
planes were outside the cube.

RESULTS

Cube Cell Model under Unixial Strains
A homogeneous uniaxial strain model of a cube and

a heterogeneous shear flow model of a cell coupled

Cube Focal Planes
Before PSF Convolution

with a digital fluorescence algorithm were successfully
created. These 3D models were convolved with a PSF
function specific for the experimental quasi-3D setup.’
Sample 2D PSF-convolved images of the fluorescent
cube and cell before and after deformation are shown
in Fig. 5. It should be noted that the precise defor-
mation of these simulated images was known and was
able to be compared with quasi-3D calculations.

In the uniaxial deformation cube model, 5 different
PSF-convolved planes in and around the cube were
analyzed to determine the effect of focal plane position
and the blur induced by a PSF on strain accuracy.
Positions of the different focal planes are defined in
Fig. 4. Planes outside the cube had a blurry appear-
ance with degradation of cube features. Planes inside
the cube had more distinct and sharp features. Strains

Cube Focal Planes
After PSF Convolution

FIGURE 4. The 5 different focal planes used for analysis of uniaxial tension strains are depicted. 3 focal planes are within the
cube, and 2 are outside the cube. Strain is applied parallel to the focal planes. Planes before and after convolution are depicted for

each focal plane used.
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FIGURE 5. Cube and cell image simulation. The fluorescently dyed 3D cube or cell was convolved with a PSF, and individual
planes were extracted to obtain 2D images. Sample 2D images of the (a) cube and (b) cell are provided before and after deformation
by uniaxial tension for the cube and fluid shear for the cell. Arrows represent the direction of deformation.
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calculated from planes inside the cube matched closely
with the finite element-prescribed strain values, but
strains from planes outside the cube were consistently
lower than the actual value (Fig. 6). This demonstrates
that uniaxial homogeneous strains calculated by digital
image correlation are relatively unaffected by the

0.125
0.100 4

0.075

Strain

0.050 4

0.025 4

0.000

Focal Plane Number

FIGURE 6. Measured quasi-3D strains from the 5 different
focal planes when a 0.1 tensile strain was applied to the cube
model (n = 5). Planes within the cube showed a strain value
close to the applied strain, but planes outside the cube had
a lower calculated value. Error bars represent standard
deviation.

added blur from neighboring planes by PSF convolu-
tion as long as the focal plane is within the area being
deformed and not outside.

Six different uniaxial strain or pure shear cases were
applied to the PSF-convolved simple cube model. The
applied strain was then calculated in the middle plane
of the cube in the view that the applied strain was
visible (e.g., E.. was measured using the side-view x—z
plane). The results are presented in Table 1. The quasi-
3D calculated strains closely matched the prescribed
strains (from FEA) in the simple cube model in both
uniaxial and shear strain cases. The relative error for
these measurements was less than 5%.

Realistic Cell Model under Fluid Flow

The 3D cell fluid-structure interaction finite element
model was used to investigate the whole-cell strains of
a simulated cell under fluid shear loading. In the FEA
simulation, average strains of the whole cell were cal-
culated for each time point. Whole-cell E.. showed
viscoelastic creep and creep recovery strain effects
from the fluid flow, but near-zero strains were observed
in all other 3D FEA strain components (Fig. 7).

The cell model was then convolved with a PSF, and
the quasi-3D strains were calculated from selected
planes in the bottom-view x—y and side-view x—z.
Near-zero strains were observed in the bottom-view

TABLE 1. Precision study of the components of quasi-3D strain and FEA strain from cube cell model.
Quasi-3D strain FEA strain Relative error (%)
E., 0.0516 £ 0.0007 0.05 3.82 £ 0.80
E,x, side-view 0.0516 + 0.0005 0.05 3.15 + 0.99
= 0.0318 + 0.0007 0.0333 4.71 + 2.20
E,, 0.0517 £ 0.0009 0.05 3.36 + 1.88
E,x, bottom-view 0.0520 + 0.0002 0.05 3.98 £ 0.38
E, 0.0327 + 0.0010 0.0333 2.04 + 3.01
Quasi-3D strain and relative error represent mean + SEM (n = 5).
a 1~ Quasi-3D Strain Ezz b 1~ Quasi-3D Strain Exx c ; i
@ ) - FEA Strain Ezz (b) - FEASYSN B ) e
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FIGURE 7. Time course of whole-cell strains for (a) E,,, (b) Exx, and (c) E, in the cell shear flow model (n = 5). FEA strains are in
dashed lines and quasi-3D strains are in half-shaded squares. Viscoelasticity is visible in shear E,, under fluid shear flow. Quasi-
3D strains matched well with the FEA strains.
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x—y plane, but significant strains were seen in side-view
x—z plane (Fig. 7). Overall, the calculated quasi-3D
strains were similar to the FEA strains inside the cell.
Whole-cell E... showed large viscoelastic behavior from
the fluid flow, while the E.. and E., side-view strain
components hovered near zero throughout the flow
pattern. However, E_. was slightly overestimated dur-
ing the flow period (Fig. 7a).

A minimum SNR of 12 was necessary to maintain
accurate strains with a mean error of less than .004
(Fig. 8). At an SNR of 9 and lower, the mean strain
error jumped to greater than 0.01. Interestingly, while
normal strains were inaccurate at a SNR of 9, shear
strain accuracy was relatively unaffected at an SNR 9.

Subcellular Strains

Strains at the end of the flow loading period were
compared between FEA and side-view quasi-3D
strains to determine the accuracy of subcellular aver-
age strain measurements. The results are presented in

(@) . .
0.0100 Eyy !n bottom-w_ew
—e— Exx in bottom-view
—4a— Exy in bottom-view
0.0075
.
£
wi
b=
-§ 0.0050
»
c
©
QL 0.0025
= -&ﬁ_%‘
0.0000
T T T T T
° 12 15 18 21
(b) Signal to Noise Ratio
0.020 —=— Ezz in side-view
—e— Exx in side-view
—4— Exz in side-view
5 0.015
=
w
£
S o0.010
s
7]
c
©
D
= 0.005
0.000
T T . .

9 12 15 18 21

Signal to Noise Ratio

FIGURE 8. Means of the absolute error of calculated quasi-
3D whole-cell strains in (a) bottom-view and (b) side-view of
the simulated cell shear flow model (n = 5). Gaussian noise
was added to the quasi-3D images prior to the calculation of
strains to decrease the SNR. A critical SNR of 9 was found to
cause a sharp increase in the error of quasi-3D strains vs. FEA
strains, especially in the normal strains.

Fig. 9. All quasi-3D strains matched the 3D strain in
subcellular regions with high accuracy. The absolute
errors of the strains were around 0.005. The trailing
edge of the cell had a slightly larger absolute error than
the other regions. The FEA nodal displacement pat-
terns in this region were the most complex and non-
uniform, possibly contributing to the higher error in
the quasi-3D calculation.

DISCUSSION

A previous study in our laboratory developed a
quasi-3D imaging technique to view a cell in two
orthogonal planes. Strains were determined in both
planes and were dubbed ‘“‘quasi-3D strains’ to repre-
sent, in some sense, the 3D deformation of the cell.
This study focused on validating the accuracy of quasi-
3D strains against the real 3D deformation within a
cell from a theoretical perspective. To achieve this, a
computational model was developed to be able to di-
rectly compare prescribed 3D strains in a cell vs. their
quasi-3D counterparts. A finite element model of a
cube and cell was deformed with simple and complex
deformation patterns. Each deformation state was
then convolved with a PSF and then quasi-3D images
were extracted and processed to obtain quasi-3D
strains.
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FIGURE 9. Absolute error of strain in whole cell region and
subcellular locations calculated in side-view from quasi-3D
and FEA (n = 5). (a) Absolute error of E,,, (b) absolute error of
E.,, (c) absolute error of E,,. Error bars represent standard

deviation.
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The quasi-3D strains correlated well with the pre-
scribed 3D strain values in both uniform uniaxial and
shear cases and also in realistic fluid flow-induced
deformation. The computational model was able to
determine how the PSF affects wide-field microscopy-
based measurements of strains. The additional error
from the PSF was less than 5%, showing that the
quasi-3D technique can accurately capture the real 3D
deformation of a cell. A lower SNR limit of 9 was
determined in this model system when calculating
normal strains. This SNR limit was lower than other
simulated image studies involving digital image corre-
lation."> However, most studies focus on displacement
error as an output of SNR. The output in this study
was strain, a differentiated value of the displacement
field, and may be less sensitive to error due to the
additional smoothing and differentiation opera-
tions.”!* Normal strain errors at an SNR of 9 in E..
and E., were higher than in E,, due to the difficulty of
tracking larger displacements in noisy images of the
model cell under fluid shear in the z and x directions
than in the y direction. Interestingly, shear strain error
was relatively unaffected at this SNR value, demon-
strating that the accuracy of calculated normal strains
may be more sensitive to Gaussian noise than shear
strain in fluid shear experiments. This should be con-
sidered when determining the acceptable level of noise
of wide-field microscopy images used in mechanical
analyses of strain.

Several parameters that could potentially influence
the accuracy of the quasi-3D calculations were absent
from this idealized model. Factors such as photon
noise (of a Poisson distribution) and complex inho-
mogeneous deformation patterns could decrease the
ability of quasi-3D strains to accurately represent the
real 3D strains. However, this study focused on the
main source of error inherent to the quasi-3D system
itself, i.e., the blur caused by out-of-focus planes.

The quasi-3D technique represents a novel tech-
nique to overcome limitations in temporal and spatial
resolution of current microscopy techniques to mea-
sure cellular events in 3D. This study provides addi-
tional theoretical validation of this novel quasi-3D
technique and of wide-field microscopy in calculating
strains and deformations in 3D.
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