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Abstract A novel single-lens three-dimensional microscope imaging technique is proposed to
quantitatively detect positions and movements of micro-beads that are bound to the cell
membrane or embedded in the cytoskeleton and manipulated by magnetic tweezers (Fig. 1). The
technique is used to explore cellular mechanisms of mechanotransduction in cardiac hypertrophy,
i.e. the biochemical response to mechanical stimulation. The measured relationship between force
(stress) and three-dimensional displacement (strain) yields new insights into local cellular
mechanics such as active force generation, passive elastic properties, and the mechanical coupling
between the cytoskeleton and the extracellular matrix. The main goal of the present research is to
characterize changes in mechanical properties that are associated with eccentric or concentric
hypertrophy and to identify how these changes might activate mechanotransduction pathways that
lead to different types of hypertrophy.
The proposed 3-D microscope imaging system contains either a relay lens system with an offaxis rotating aperture placed between the imaging lens and the CCD camera (Fig.2) or an off-axis
rotating aperture located in between the field and the aperture diaphragms of the Köhler
illumination system of the microscope (Fig.3). In both cases, the rotating aperture allows
adjustable non-equilateral spacing between images of out-of-focus object points to achieve higher
spatial resolution, increased sensitivity and higher sub-pixel displacement accuracy.
By shifting the aperture off-axis we can have controlled sampling of the defocus blur whose
diameter is proportional to the distance of the object point from the focal plane. Figure 4
illustrates the concept behind measuring out-of-plane coordinates of object points by sampling the
defocus blur, with an off-axis rotating aperture, and measuring its diameter. The single aperture
avoids overlapping of images from different object regions hence it increases the spatial
resolution of the measurement. The rotating aperture allows taking images at several aperture
positions and this can be interpreted as having several cameras with different viewpoints, which
generally increases measurement sensitivity. Tracking the depth related image disparities along
the rotation of the aperture increases the sensitivity of detecting 3-D positions by several orders of
magnitude. Alternatively, one can have only a few aperture positions and the related image
disparities can be fed back to the system to reposition the aperture to achieve greater accuracies.
The active rotating aperture solves the ambiguity problem of object location relative to the focal
plane by imposing a 180 deg phase shift in between objects at the two sides of the focal plane.
However, due to the degradation of image movement by aberrations (Fig.5) the best performance
is achieved by imposing a slight defocus on the entire object field. Such an off-axis rotating
aperture can be incorporated into a relay lens system in between the microscope objective and the
image-recording device, as shown in Fig. 2.
The advantage of this solution is its simplicity, however, sampling the defocus spot by an offaxis rotating aperture in the imaging path inherently has its own limitations. The most important
is that it requires stepping down the aperture, which reduces resolution and requires stronger
illumination. Lens aberration related systematic bias in the created image disparity could also be a
problem.
All of these barriers can be overcome by placing the off-axis rotating aperture in the
illumination side of the microscope in between the field and the aperture diaphragms of the

Köhler illumination system, which creates oblique illumination (Fig 3). Any movement of the
off-axis rotating iris results in movement of all out-of-focus image points, as demonstrated in
Fig.6. Although the applied off-axis rotating aperture gives weaker illumination intensity, and
reduces the specimen size that can be imaged, the system is free of all resolution and aberration
related limitations. This solution is also preferred if the objective has very long depth-of-focus,
since this would create very small image disparities limiting the sensitivity of depth
measurements.
The proposed monocular 3-D imaging technique was successfully applied on tracking microbeads in the above-described application.

Magnetic
Beads

Figure 1 A magnetic trap, mounted on a micromanipulator, creates the required force to
manipulate the magnetic beads attached to single myocytes placed on a temperaturecontrolled microscope stage

CCD Camera

New Image Plane with
Depth Related Disparity

Relay Lens
System with the
Off-Axis Rotating
Aperture
Original
Imaging
Lens
Magnetic Beads on Cells

Off-Axis
Rotating
Aperture

Figure 2 A three-dimensional microscopes including a relay lens system with rotating
aperture
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Figure 3 Inverted light microscope with a rotating iris that creates adjustable oblique
illumination
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Figure 4 A rotating off-axis aperture can sample the defocus blur to give quantitative depth
information

Figure 5 Blur diameter of out-of-focus object points around the focal plane and the distortion
of spot path created by lens aberration
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Figure 6 The diameter of the circular image paths of micro-beads represents their z position.
Suspension of 4.5µm magnetic beads, viewed through a 63x objective. Two images from a
sequence are overlaid (non-constant focus)
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