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A FIBER-OPTIC CONFOCAL SCANNER
FOR SCATTERING TISSUE
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ABSTRACT

Confocal microscopy has become an important diagnostic tool in examining

scattering tissues.  The high resolution of confocal microscopy and its optical

sectioning capabilities lend itself as a desirable modality in examining structures on

the micrometer scale.  The presented work offers a prototype device based on the

principle of confocal microscopy that is versatile enough to be used not only as a

small scale scanner, but adaptable for a wide range of situations.  The automated

capabilities of the scanner were tested to be used as a method of quality control for

tissue-engineered cell sheets, identifying thickness and determining homogeneity.

The device was also evaluated as a method of examining scattering in common

phantoms of Intralipid and collagen gels, and applied in vivo to determine optical

effects in intrinsically aged skin.  The abilities and shortcomings of the scanner are

investigated, and future adaptations of the device are proposed.
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CHAPTER 1

INTRODUCTION

1.1 Confocal Microscopy

Confocal microscopy employs the use of spatial filtering techniques in order

to create optical slices in a sample.  The excitation light (coherent light) is sent

through one pinhole placed in a conjugate plane of the focal point of a condenser

lens.  Backscattered or fluorescent light pass through either a beamsplitter or a

dichroic mirror, through an additional aperture, also conjugate through the focal

point, to a detector.  This kind of filtering, along with tightly focused illumination,

rejects backscattered or fluorescent light outside of the focal plane of the objective

lens.

Marvin Minsky, inventor of the stage-scanning confocal optical system

identified many advantages including a reduction in image blurring due to the

scattering of light from a sample, an increase in axial resolution over conventional

optical systems, an improvement in the signal-to-noise ratio, and the capability of

an axial scan [47].  These advantages have been realized over the years by many

research groups identifying that a confocal system essentially reduces the point

spread function leading to an increase in resolution [6,66].  It is also these

advantages that allows confocal microscopy to be extremely useful in biological

imaging, providing versatility in the field of fluorescence [85] and three-dimensional

imaging [9].  It has also shown promise for in vivo applications [44].
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Figure 1.1.  Basic principle of a confocal
system.  The pinhole in front of the detector
blocks out-of-focus light.

1.2 Confocal Instrumentation

In order to achieve high resolution, there are a few common optical elements

among almost all confocal microscopes.  These optical elements were arranged in

Minsky’s original patent application and

have continued to show up in modern

systems.  The following elements are

necessary in order to achieve the

confocal mechanism, and are shown in

Figure 1.1.  As these elements are

discussed, the plane in which the focus

lies of the objective will be referred to as

the xy-plane, the signal acquisition of

which is known as lateral scanning.

Signal acquisition through the optical

axis takes place along the z-direction

and is known as axial scanning.

1.2.1 Light Source

Pointwise illumination is an integral part in the confocal mechanism and is

accomplished through the use of a small aperture (pinhole).  In biological

applications this light source needs to be powerful enough to provide adequate

penetration of the sample.  Many modern confocal microscopes employ the use of
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a laser in order to provide such high power.  The use of a  laser is especially

significant within fluorescent applications which require a defined wavelength as a

excitation source.  The pinhole assures that detected light from the focal plane of the

sample is the same as the focused light.

1.2.2 Beamsplitter

A 50/50 beamsplitter is used in order to redirect the light path that is  reflected

or backscattered onto the detector.  When non-cubic beamsplitters are used, the

confocal pinhole can eliminate ghost reflections.  In the case of fluorescent

applications, a dichroic mirror usually takes the place of the beamsplitter, allowing

excitation light to pass through the sample while simultaneously reflecting emission

light from the sample.  There are typically fluorophore specific dichroic mirror/filter

combinations when the excitation source is broadband rather than a laser.

1.2.3 Microscope Objective Lens

The microscope objective is typically placed in the optical path following the

illumination aperture and the beamsplitter.  The objective should be carefully chosen

based on the applications.  Spherical aberration has a profound effect on confocal

axial response, and by slightly reducing the aperture of the lens, aberrated axial

response can actually be improved [65].  Magnification and focal length of the

objective can also determine confocal response [71].  The numerical aperture of the

objective characterizes the point spread function, therefore affecting resolution as

well as depth response [34].
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1.2.4 Confocal Pinhole

The confocal pinhole is placed in the conjugate focal plane of the objective

lens.  It is positioned in the reflected path of the light after the beamsplitter in which

the optical path from the illumination aperture to the focal plane is equivalent to the

optical path from the focal plane to the confocal pinhole, providing there are no index

of refraction mismatches.  The size of the confocal pinhole governs axial and lateral

resolution, and determines the amount of blurring reduced due to light scattering.

Typically there is an optimal pinhole size, as an overly large pinhole allows a greater

amount of scattered light to reach the detector.  Conversely, a pinhole that is too

small may decrease the signal-to-noise ratio beyond applicable means.

In the case of spinning disk confocal microscopes, the confocal pinhole is

actually a series of pinholes arranged in an Archimedes spiral.  The opaque wheel

containing these pinholes is known as a Nipkow disk.  As the Nipkow disk spins, the

sample is scanned in a raster pattern in the xy-plane.  The Nipkow disk can be used

to obtain a planar section at video rate.

  

1.2.5 Detector

Reflected or backscattered light from the focal plane that passes through the

confocal pinhole is measured with a detector.  In the case of spinning disk confocal

microscopes the detector may be a CCD camera, or no physical detector may exist

as the image may be viewed by the user of the microscope.  In other setups

requiring a quantitative measurement of reflected or backscattered photons a

photomultiplier tube (PMT) or a photodiode is used.  While CCD or direct-view may
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(1.1)

be able to view samples at video rate, a PMT may be beneficial in detecting weak

signals among high background.  These detection devices are application specific

and further promote the added versatility of a confocal microscope.  

1.3 The Effect of the Confocal Pinhole

The confocal pinhole has a profound effect on system resolution, signal-to-

background ratio, signal-to-noise ratio, and penetration depth.  It is important that

the confocal pinhole be chosen based on the desired application of the device.

1.3.1 Resolution

 Illumination of the sample is distributed as the point spread function, which

is seen as an Airy pattern at the focal point.  An Airy diffraction pattern as seen in

Figure 1.2 consists of a bright central spot surrounded by concentric dark and bright

rings of progressively weaker intensities.  The Airy pattern is the result of Fraunhofer

diffraction due to a circular aperture and is given by the function

where J1 is a Bessel function of the first kind of order one, k is the angular

wavenumber (2B divided by the incident wavelength), a is the radius of the aperture,

and 2 the angle of observation.  The radius of the first dark ring after the central spot

(rAiry) is given by the equation
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(1.2)

Figure 1.2. Airy diffraction pattern resulting from a
circular aperture with accompanying profile.  Z-axis
units are given in normalized intensity.

in which 8 is the wavelength of incident light and NAObj is the numerical aperature

of the objective lens.  NAObj is given by the following

(1.3)

lwhere n is the index of refraction of the immersion medium and 1  is the half-angle

of the cone of light entering or emerging from the lens.  An infinitely small object has

an image of a circular Airy diffraction pattern.

When the image of two infinitely small objects are separated by a small

distance in the image plane, they are said to be resolvable if the first Airy minimum

of one of the objects coincides with the Airy maximum of the other.  This is referred
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Figure 1.3. Diffraction limited resolution in the lateral
dimension is defined where the Airy minimum of one infinitely
object S1 coincides with the Airy maximum of the other S2.

(1.4)

to as the Rayleigh criterion for minimum resolvable detail.  Here the minimum

resolution can be defined as the radius of the Airy disk.  If this criterion is met, the

imaging process is referred to as being diffraction-limited.  This is shown in Figure

1.3.

Diffraction-limited resolution in the axial dimension applies as well (Figure

1.4), but its reduction is inversely proportional to the square of the numerical

aperture.  The axial resolution limit zmin is given by the equation

where in this case n is the refractive index of the object medium [33].  The ratio of

axial-to-lateral resolution is given by
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(1.5)

Figure 1.4. Diffraction-limited resolution in the axial
dimension shown in terms of intensity signal resulting
from focus translation along the z-direction.

(1.6)

demonstrating that lateral resolution will always be smaller than axial resolution.

When a pinhole is involved, the axial resolution becomes a function of the

radius of the confocal pinhole a and the magnification of the objective M.  The 3 dB

separation of two focal planes, dz(3dB) is shown by

per confocal theory[14].  A more rigorous theory for axial resolution taking into

account electromagnetic forces along with polarization and detector type is given by
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(1.7)

Török and Wilson [72].  Additional theory given by Sharma and Sheppard is for the

case of using fiber optics in place of pinholes [64].

1.3.2 Background Rejection

 In measuring background rejection, one can define the signal-to-background

ratio as S/B, with S as the detected intensity of a focused point source from the 1/e2

resolution focal volume, and B as scattered light in the image plane collected from

outside the same volume.  In practice, S/B increases as pinhole radius increases.

As mentioned in section 1.2.4, too small of a pinhole results in too little detected

light.  Opening the confocal pinhole allows more light to pass, but in the process

increases B.  Essentially, brightfield microscopy can be modeled this way with a

confocal pinhole of infinite size.  For a circular aperture, the fraction of power P(x)/P0

contained within circles of radii in the Airy pattern is described by the equation

obtained from the integration of Equation 1.1[5].  Assuming that pinhole size is

determined by the power contained within these circles of radii, the effect of pinhole

size on power output with respect to the Airy function is shown in Figure 1.5.  From

the expression above, the 83.8% of light is contained in the area bounded by the

first dark ring.
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Figure 1.5. Effect of confocal aperture on power (purple) in
terms of the Airy function (red).  The optimal pinhole size
for general biomedical imaging applications in displayed.

(1.8)

Optimum pinhole size varies with wavelength of illumination light, numerical

aperture of the objective, and index of refraction of the sample.  Sandison and Webb

provide an example of optimal pinhole size in their work as a relation to S/B.

Typically they found that for a confocal microscope, S/B is 100 times greater than

that of a conventional microscope.  Signal-to-noise ratio (SNR) for a confocal

microscope is also increased by a factor of 10 over a conventional microscope when

an optimal pinhole size is used [57].  Due to the variation of equipment, the detector

aperture radius vd is presented in normalized optical units (ou) and  calculated

according to the following equation:
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(1.9)

where rd is the distance from the optical axis, essentially the physical size of the

confocal pinhole, and Mtot is the total magnification in the image plane [1].  Mtot is set

to one when determining the size of the Airy disk in the image plane.  In general

biomedical imaging applications, an optimum detector aperture radius would be 3.5

o.u. [58], and is also shown in Figure 1.5 just before the first dark ring of the Airy

diffraction pattern.  By knowing the desired power needed for imaging purposes

from Figure 1.5, one can backcalculate the physical radius from the dimensionless

aperture using equation 1.8.

1.3.3 Penetration Depth

Decreasing the radius of the confocal pinhole can theoretically increase the

penetration depth of the system due to the reduction of background light that is

detected.  Smithpeter attempted to verify this concept experimentally, in which his

group constructed a confocal reflectometer and measured reflected light as a

function of focal depth within a tissue phantom.  Their results showed that for a

confocal system identifying index of refraction mismatches of 0.05 with

dimensionless pinhole vp�3, the signal-to-noise ratio limits penetration depth to

approximately 3-4 optical depths (OD), calculated as

where  :t is a function of scattering coefficient :s and absorption coefficient :a [69].

They also concluded that for a pinhole of vp�8, the limiting factor is signal-to-
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(1.10)

background ratio and penetration depth is determined by scattering coefficient of the

sample [69].  

1.4 Z-Axis Scanning

As mentioned by Minsky in his original patent application, a scan can be

taken through the sample along the optical axis.  This is called a z-scan.  The optical

sectioning capabilities of a confocal system blocks light from outside of the focusing

spot.  When combined with scans in the x and y directions, it is feasible to create a

three-dimensional image based on the reflected or backscattered light collected by

the detector.  The detector picks up variations in the signal, due to sources of

contrast in the sample.  For biological tissue, these sources of contrast are typically

variations in index of refraction, scattering coefficient and absorption coefficient.

1.4.1 Index of Refraction

If the light during a z-scan passes through one medium to another with a

different refractive index, part of the light will be refracted according to Snell’s Law

where n1 is the refractive index of the first medium, n2 is the refractive index of the

second medium, 21 is the propagation angle of the incident beam and 22 is the

propagation angle of the refractive beam.  Light that is not refracted is reflected at
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(1.11)

the same angle of the incident light.  The amount of reflection is given by the

equation

where Iref is the intensity of the reflected light and I0 is the intensity of the incident

light [10].  The intensity of the reflected light is lower for smaller refractive index

mismatches than for larger index mismatches.

The specular reflection of an interface between two mediums shows up as

a sharp peak in a z-scan, indicating the intensity of the reflected light.  If an object

such as a glass slide is placed within the scan path, there will be two sharp peaks

indicating the boundaries of the sample.  This is confirmed through Monte Carlo

simulations [18].  It is also worth noting that while index mismatches as low as 0.05

can be recorded at shallow image depths, the ability to recognize small mismatches

is reduced at higher optical depths.

1.4.2 Scattering Coefficient

When performing a z-scan over a sample of turbid media, the scattering

coefficient is reflected as a broad peak over the entire sample.  As scattering

coefficient increases in the sample, the overall signal-to-background ratio increases

as well.  This is due to an increase in the number of photons that are backscattered

to the detector.  Monte Carlo scans confirm S/B relationship to scattering coefficient

[18].
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(1.12)

It is also worth noting that an increase in scattering coefficient results in a

degraded performance of optical sectioning capabilities.  Essentially, light outside

of the focal plane may exhibit multiple scattering events in optically dense samples,

and find its way into the focal plane to be scattered back to the objective.  In addition

to some blurring around areas adjacent to the focus, these multiple scattering

events reduces the ability of the confocal pinhole to reject out-of-focus photons [61].

The changes in signal due to the changes of scattering coefficient has

enabled some research groups to use confocal microscopy in order to estimate

scattering coefficient of various tissues [12,13].  

1.4.3 Absorption Coefficient

When light travels through a biological sample, some of the photons will get

absorbed due to the absorption coefficient :a.  The higher the absorption coefficient

and the longer the optical path, the greater probability a photon will be absorbed.

The absorption coefficient helps define penetration depth in this manner.  The

amount of light that gets absorbed in a defined optical path is given by the equation

where I is the transmitted intensity and t is the absorption path.

In terms of a z-scan, absorption coefficient translates to a reduction in signal-

to-background ratio.  This is especially true for high absorbers.  For the case of

detecting absorption as a source of contrast, while the front edge of a sample can
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be recognized by the drop in signal-to-background ratio, the back edge of the

sample cannot as easily due to the confocal rejection of the resulting scattered and

absorbed photons [18].

1.4.4 Anisotropy

The anisotropy parameter g is the average cosine of the scattering angle.

It is often derived from the Henyey-Greenstein phase function 

which is a cumulative probability function.

Biological tissue is typically forward scattering, and contrast in a confocal

system is generally not affected by the anisotropy parameter [61].  Even so,

anisotropy parameter changes little in layered tissues [11].

1.5 Focal Shift Due to Refractive Index Mismatch

Differences in refractive indices of the immersion medium and the sample will

produce geometric distortions.  The movement of the focus spot is extended when

compared to the movement of the objective in the case of entering a medium that

has a higher index of refraction than the immersion medium.  The ratio of the

movement of the focus spot z2 at the maximum entrance angle " to the movement

of the objective z1 can be derived in terms of NA and the indices of refraction of both

mediums n1 and n2 as
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Figure 1.6. Geometric representation of marginal
rays bending towards the normal due to entering a
medium of higher refractive index, resulting in a
focal shift.

derived from the geometry in Figure 1.6 [16,77].  Since objectives are filled with rays

incident at all angles between 0 and ", there is a difference between paraxial and

marginal rays in cases with high numerical aperture.  Conversely, for small aperture

objectives, this ratio is essentially n2/n1 [8].

The focus shift fs is non-linearly dependent on the depth of focus within the

sample.  However, linear approximations to determine the true geometry can be
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used.  Efforts to refine calculations have been made to accurately determine this

focal shift for specialized cases in order to still fit a linear model [73].
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CHAPTER 2

SCANNER DESIGN

2.1 Introduction

The confocal scanner was originally designed to provide data to determine

the thickness and density of a tissue-engineered cell sheet fabricated inside a T225

flask.  In order to accomplish this purpose, the scanner must be able to operate on

three-independent axes for a complete volume scan.  Axial measurement along the

optical axis is the most crucial in this case, so much of the design is focused here

in order to achieve a high axial resolution in conjunction with a high sampling rate.

Transverse resolution may be important around particular areas of interest such as

in cases of tissue delamination, but is not nearly as crucial as axial resolution in

determining homogeneity of a cell sheet.  Transverse resolutions may further be

reduced in an effort to forego lengthy scan times.

Our goals called for a design that is not normally found in confocal

microscopes, where we take a z-scan along the axial direction, before stepping to

an adjacent point.  This is opposite of most confocal microscopes, as through a

Nipkow disk they record many adjacent points before stepping along the axial

direction[33,37].  In order to handle such a task, we designed a rugged XY

translational stage to handle the lateral movement as well as to support a heavy Z-

stage.  An additional goal was to allow the design to be modular so we could

transport the device easily if needed.
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2.2 Original Confocal Scanner Design

Some of the elements described below such as the XY translation stage and

the Z translation stage have been incorporated into this and subsequent scanner

versions.  In this section, our original design is described in detail along with the

issues associated with this design.

2.2.1 Design of an XY Translation Stage

The confocal scanner was designed to be used on any metric breadboard or

optical table with tapped M6 holes on 25mm centers.  The base consists of three

aluminum plates of 3/8" thickness measuring 4" x 6" that can be mounted to the

optical surface using M6 socket cap screws.  The through holes for this purpose are

countersunk into the aluminum.  Each aluminum plate also contains two threaded

#6-32 holes to mount linear motion slides (LMS-600/75 from Small Parts Inc.).  The

design for these plates was rendered in AutoCAD with units in inches and can be

seen in Figure 2.1.

Resting upon the three linear slides was another aluminum plate of 3/8"

thickness measuring 14" x 8".  This plate was mounted upon the slides using #6-32

screws fitted through twelve countersunk holes, or four for each slide.  When

tightened down, this plate served to provide a base of motion in what the device

would recognize as the X direction as all three linear slides would be aligned moving

in uniform direction.  This X plate contained four threaded #6-32 holes to 
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Figure 2.1. Base of confocal scanner.  Linear slides are
placed on the holes in the center which are used to move the
entire apparatus in the X direction.
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mount linear motion slides in the opposite direction.  The design for the X plate was

rendered in AutoCAD with units in inches and can be seen in Figure 2.2.

An additional aluminum plate of 3/8" thickness measuring 8" x 8" was

mounted upon the two linear slides above the X plate.  Eight #6-32 screws were

fitted through countersunk holes in order to provide uniform direction and movement

of the two linear slides.  This plate served to provide a base of orthogonal motion to

the X plate and would be recognized as the Y direction by the device.  Six holes

were used (four threaded, two untapped) to provide stability for a large right angle

mounting bracket (AP90RL/M, Thorlabs).  A ½" by 1.5" slot was milled to provide

spaced for a partially submerged DC motor.  In addition, four M3 threaded holes

were provided for underside mounting of a circuit adapter for the DC motor.  The

design for the Y plate was also rendered in AutoCAD with units in inches and shown

in Figure 2.3.

The X and Y plates are driven independently by two stepper-driven linear

actuators (23A104A, Anaheim Automation) with each half-step traveling 3.175:m.

1 cm of each spindle was machined as a #10-32 thread and threaded into each

plate.  The X-axis spindle is 6" long, providing approximately 4" of travel, while the

Y-axis spindle is 9" long and providing the full 6" of travel allowed by the linear

motion slides.  This allows a total scan area of 24 square inches, or 155 square

centimeters, almost large enough to encompass an entire T225 flask.  The linear

actuators are driven by custom stepper motor drives and are microcontroller

operated.  Hard limits are provided when the actuator is fully retracted by means of
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Figure 2.2. Top view and side view of the X plate of the confocal
scanner.  This plate screws into the three linear slides found on top
of the three base plates.  Two additional linear slides for the Y
plate are mounted on top of the X plate, and move orthogonally to
the X plate.
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Figure 2.3. Top and bottom view of the Y plate.  The Y plate
screws into the two linear slides on the X plate and is stepper
motor driven.  A large angle bracket is mounted to the Y plate
that is used to mount the scan head.
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an optical switch.  Soft limits are provided within the device firmware to prevent the

actuator from fully extending into the limits governed by the linear motion slides.

2.2.2 Design of the Z Translation Stage

The base of the Z translation stage was a solid plate of aluminum measuring

5.9055" by 5.3150" (15cm by 13.5cm) with thickness of ½".  Slightly off center, four

countersunk holes in a square pattern were drilled in order to accommodate M6

screws.  These screws fastened to a motorized translation stage (Thorlabs MT1-Z6)

which was in turn fastened to the large angle bracket.  This ensured that as the DC

actuator raised and lowered the translational stage, the entire Z stage containing all

necessary optics would rise with it.

Four holes were drilled in an offset T-pattern and countersunk from the back

side of the plate.  This allowed four mounting posts holding the optical system to be

mounted directly to the plate without the use of post holders.  By mounting directly

to the posts, we ensure that all vibrations occurring in the optical system occur

together.  In addition, there is no risk of the heavy optical system slipping out of the

post holders.  A complete AutoCAD rendering is presented in Figure 2.4 with all

units shown in inches.

In order to support the weight of the Z stage and all of the accompanying

optics, a small pulley was mounted to the top of the large angle bracket.  A small

steel cable was attached to the top of the Z plate and pulled over the pulley.  At the

other end of a cable, a spring was attached which had a coefficient that could

counterbalance the entire weight of the system.  In addition, the recoil springs were
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Figure 2.4. Front and side view of the Z-plate that formed the base of the scan
head.  The four holes in the center were used to anchor the Z-plate to the motorized
translational stage mounted on the large angle bracket.

removed from the motorized translational stage in order to ensure that the only

downward force acting on the plate and accompanying optics was gravity.  The

balance created by the spring and pulley system ensured that no unnecessary

stress was added to the actuator driving the Z stage.

2.2.3 Design of Optics

A 30mm optical cage system was used to mount all optics in order to ensure

that all reflected light would be orthogonal to the primary beam path.  The complete
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design is shown in Figure 2.5.  At the heart of the optical path was a cube-mounted

polarization-insensitive beamsplitter (Thorlabs CM1-BS1) designed for wavelengths

in the visible spectrum.  Cage rods (Thorlabs ER series) were used to align cage

plates (Thorlabs CP02/M and CP02T/M) designed to incorporate 1" optics and

threaded internally at 1.035"-40.  These cage plates also accepted metric posts,

which were mounted onto the Z plate.  All descriptions used in this section are given

looking at the optical system head on with the Z-plate in the back.  The bottom of the

cage system is closest to the XY stage, while the top of the cage system is nearest

to the sample to be measured.

A kinematic mirror mount (Thorlabs KCT-1/M) was used to mount the 670nm

laser which allowed for fine tuning and alignment, and was positioned at the bottom

of the cage system.  The laser was focused through a 50:m pinhole (Thorlabs

P50S) which was mounted in a micrometer-driven cage plate (Thorlabs SM1Z)

allowing for up to 1.5mm travel.  Light exciting the pinhole then passed through the

beamsplitter to a nearby focusing lens before finally reaching the microscope

objective.

The microscope objective chosen for our design was a Mitutoyo 100X

objective with numerical aperture of 0.70 and a working distance of 6mm (Edmund

Optics NT46-147).  The 6mm working distance provided ample room for

maneuverability when accommodating samples inside of a thick flask.  In order to

mount the objective to the cage plate, an adapter was used to accommodate the

cage plate threads to an RMS thread, followed by an additional adapter used to
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Figure 2.5. Scan head consisting of free space optics.  All
optical elements are mounted in 30mm cage plates and
supported by rods. 

convert the RMS to the Mitutoyo threading of 26mm at 36 TPI (Edmund Optics

NT58-296).

When light is reflected or scattered in the focal plane, the light returns through

the microscope objective and is reflected by the beamsplitter.  At the same linear

distance from the illumination pinhole, another 50:m pinhole is placed inside of an
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XY translation mount designed to work with the cage systems (Thorlabs ST1XY-A).

This allows for fine adjustment of the confocal pinhole so that it is properly aligned

inside of the beam path.  Behind this mount is our detector, which we have chosen

to be a photomultiplier tube (Hamamatsu Photonics H5784-20) due to the low

amount of light due to scattering.

2.2.4 Alignment of Optics

Alignment of the confocal system proved to be a rather daunting task, and

was one of the reasons this original optical design was discarded.  The microscope

objective was removed and in its place a CCD camera was mounted.  The PMT was

also removed, and a laser was added behind the confocal pinhole with the ability to

be mounted inside of the XY translation mount.  As the lasers exited the pinholes,

a diffraction pattern emerged and was detected by the CCD camera.  This CCD

camera was hooked up through a television monitor for real-time alignment.

In order to accomplish alignment in the XY directions, the leadscrews of the

XY translation mount were turned so that the diffraction patterns from each of the

lasers overlapped.  Once this adjustment had been made, the microscope objective

was replaced and the PMT was added back into the system.  A highly reflective

mirror was placed in the focal plane of the objective, so most of the illumination light

would return through the optical system.  The PMT was hooked up to an

oscilloscope in order to monitor light intensity.  More fine adjustments were made

with the leadscrews in order to maximize the intensity of the light reaching the PMT.

Once this maximum was attained, the confocal pinhole was assumed to be aligned
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in the XY direction, and the setscrews of the XY translation mount were tightened

in order to prevent any slipping of the confocal pinhole.

Alignment of the direction of the optical path (denoted as Z alignment) was

achieved using the micrometer-driven cage plate attached to the illumination

pinhole.  Originally, this was aligned by taking a single axial Z-scan over the

reflective mirror and calculating the full-width at half-maximum (FWHM) of the signal.

The micrometer-driven cage plate was then adjusted, and the mirror was rescanned.

When the FWHM of the signal was at a minimum, it was assumed that both pinholes

lied in the conjugate plane of the objective, and the system was aligned.  However,

this method was tedious and unreliable due to the limitations of the software at the

time, and the inability to zero-in on the exact spot to achieve confocality.

In order to overcome this problem, the afore mentioned method of using a

CCD camera and two lasers was used.  The laser behind the confocal pinhole was

turned on, while the illumination laser was turned off.  The resulting diffraction

pattern was recorded by the use of a frame grabber.  Pixel analysis was used in

order to determine the distance between the second minimums across the diameter

of the diffraction pattern, as shown in Figure 2.6.  Once this distance was

determined, the laser behind the confocal pinhole was then turned off.  The

illumination laser was turned on in its place, and the resulting diffraction pattern was

recorded.  Pixel analysis was then used to determine its distance between second

minimums.  If the distances matched, the pinholes were assumed to be in the

conjugate focal plane of the objective.  If not, the micrometer-driven cage plate was

then adjusted until this distance was calculated to be the same.  Once alignment
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Figure 2.6. Technique to align the two pinholes.  (A) CCD camera image
of the diffraction pattern resulting from the laser exiting the illumination
pinhole.  (B) Similar image of the pattern from the confocal pinhole.  (C)
Profile of the diameter of the diffraction pattern in A.  (D) Profile of B.

was complete, the laser behind the confocal pinhole was removed for the PMT and

the objective replaced.

2.2.5 Difficulties with Free-Space Optics

As mentioned in the previous section, the primary drawback to using the free-

space optics in this setup was the alignment.  Perfect alignment of both pinholes

was not only tedious, but was limited to the capabilities of the CCD camera and

valley finding algorithms, and mostly to the eye of the operator.  In addition, frequent

scans resulted in slight shifts in the optical system, meaning that after a multitude
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of scans, the system had to be realigned.  Since, the system needed to be designed

with an untrained end user in mind, frequent realignment was certainly undesirable.

The second major drawback was the weight of the system.  Due to the size

of the optical system and the Z plate it was mounted on, the force of gravity acting

on the scanning stage was overpowering for the driving actuator.  This put extreme

strain on the actuator itself, resulting in an extremely slow scan speed along with

frequent jamming of the actuator spindle.  While the spring and pulley system

worked to reduce this weight, a suitable system was unable to be found in order to

completely counteract the gravitational forces.  Even so, no decent way of mounting

such a system existed, resulting in a positioning that was unaesthetic to the end

user.  Aside from the visual aspects of the spring and pulley system, this too had to

be constantly readjusted in order to keep the spring from overstretching and losing

its spring constant.  It was a combination of these two aspects that led to a complete

overhaul of the optical designs.

2.3 Improvement of the Optical System

In order to progress the confocal scanner and make it marketable to an end

user, the issues of scan head weight and alignment needed to be addressed.  In

reducing this weight and eliminating alignment, we were able to make an attractive

product for the end user.
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2.3.1 Incorporation of Fiber Optics

In order to reduce the weight of the scan head, fiber optics were used in

place of the pinholes.  In each case, a 50 :m multimode patch cable (Thorlabs

M14L01) with SMA termination was mounted to the micrometer-driven cage plate

on the illumination side and the XY translation mount on the detector side.  The laser

was moved to the optical table (breadboard) away from the scan head and coupled

into the fiber.  The PMT was also removed from the scan head onto the optical

table.  The fibers were screwed into adapters compatible with the cage mounts

(Thorlabs SM1SMA) and shown in Figure 2.7.  This technique has been

accomplished by previous research groups[64] so its adaption to our system was

the next logical step.

While utilizing fiber optics instead of traditional pinholes reduced the weight

somewhat, a great amount of pressure still rested on the motorized actuator.

However, incorporating these fiber optics did nothing to enhance alignment.  In fact,

because these were multimode fibers, there was no diffraction pattern in order to

properly align them along the optical axis.  In addition, the speckle pattern produced

by using a single-wavelength light through the optical fiber made it that much more

difficult to align the system.
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Figure 2.7. Scan head incorporating fiber optics.  The fiber optics take
the place of the pinholes in this case.  Note that the PMT and Laser
are not part of the scan head, but rather mounted on the XY stage.
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2.3.2 Single Pinhole System

Our major solution for alignment resting in moving towards a single pinhole

system, where one pinhole placed in the conjugate focal plane of the objective

would act as both the illumination pinhole as well as the confocal pinhole.  The

benefit here is obvious as any alignment of the pinhole would essentially disappear

since confocality would be achieved right from the start.  In terms of setup, the

orignal illumination and confocal pinholes would be removed.  After the beamsplitter

and before the objective, the single pinhole would be placed inside the optical

system.  By orientation of the beamsplitter, reflected or backscattered light passing

through the pinhole would reach the PMT and be detected.

While this system completely eliminates the need of alignment, there were

a few drawbacks that made it unfeasible.  These problems resulted from an inability

to reject background light.  Since the PMT was no longer covered by a pinhole, a

greater amount of ambient light was detected, therefore drastically reducing signal-

to-background.  While light-proofing the scan head could eliminate the ambient light,

ghosting from the beamsplitter also contributed to the background.  In addition, light

reflecting from outside of the pinhole was reflected by the beamsplitter to the

detector.  Because this device is not used for fluorescent applications, there are no

filters present to block out this illumination light.  While possible to introduce a larger

pinhole in order to account for the ghosting or pinhole reflections, the aspect of

alignment has reentered the equation, thus negating the prospect of using a single-

pinhole.
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(2.1)

2.3.3 Polarization Dependent Single-Pinhole System

In order to address this problem, we used the concept of polarization in order

to reduce or eliminate these unwanted reflections.  A linear polarizer was positioned

in front of the illumination laser in order to convert the light to a linear polarized

state.  An additional linear polarizer was positioned in front of the PMT, orthogonal

to the first linear polarizer.  Essentially, this drastically reduced the amount of light

due to ghosting and unwanted reflections, as long as the polarizers are of good

quality.

For backscattered or reflected light in the focal plane of the sample to be

detected by the PMT, the light must be polarized at the same angle as the linear

polarizer in front of the detector.  In order to accomplish this, a quarter wave plate

was positioned between the pinhole and the objective with the fast axis positioned

at an angle 45 degrees from the linear polarizer.  When linear polarized light passes

through the pinhole, the quarter wave plate converts this light to a circular

polarization state.  Since the reflected light maintains its polarization state, it passes

through the quarter wave plate again and is converted back to linear polarized light.

The polarization angle is now 90 degrees from the first linear polarizer, allowing it

to pass through the polarizer positioned in front of the detector, shown below using

Mueller calculus.  
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This process allows for signal-to-background that was comparable to that using two

pinholes.

The major drawback of this design was due to the need to remount the laser

and detector to the scan head, increasing the weight of the device.  As mentioned

previously, this provided added strain to the motorized actuator.  In addition, while

the concept of utilizing the polarizer and quarter wave plate combination was mostly

successful, the extinction of the background light was not sufficient on preliminary

testing.  When combined with the issue involving the weight of the scan head, this

idea was ultimately discarded.

2.4 Fiber-Optic Confocal Scanner

The final design of the system incorporates the many of the aforementioned

ideas while specifically addressing the issues of alignment and scan head weight.

It was important to be able to have a design that was somewhat modular and easy

to transport while maintaining an ease of setup and operation.

2.4.1 Fiber-Optic Coupler

The final design involved replacing the beamsplitter and pinholes with a 50

:m fiber optic coupler (AC Photonics custom order).  The fiber optic coupler (also

called a splitter) has three ports.  Two entrance ports (A and B) feed into an exit port

(C) .  Light coupled into ports A and B combine and exit port C.  The device is

passive and bidirectional, so light entering port C is split between ports A and B.
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Figure 2.8. Schematic of the confocal system using a fiber optic coupler
instead of free space optics.  The fiber optic coupler acts as a single-pinhole
system, dramatically reducing weight and system alignment.  Inset: View of
the fiber exit port and capillary.

Therefore, the intensity of the light exiting port A is half of the intensity entering port

C.  The bidirectional properties of the fiber-optic coupler allow it to be an extremely

marketable choice for maintaining the functionality of the confocal system.  

As shown in Figure 2.8, port C replaces both pinholes in the free-space

optical system and acts as a single pinhole, and idea used by prior research

groups[15,35].  This immediately addresses the issue of alignment.  As mentioned

in the previous sections, with a single pinhole there is no need for alignment.  The

coupler itself acts as a beamsplitter, but without unwanted ghosting effects.  While

there is some crosstalk between ports A and B, the increase in background

compared to signal is negligible.  The illumination laser is coupled into port A while

port B exits to the PMT.
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The use of the fiber addresses the weight issue as no longer are the laser,

beamsplitter, PMT, or mounting hardware part of the scan head.  In addition, the Z-

plate is no longer needed due to the footprint reduction of the scan head.  The scan

head only consists of port C of the fiber and the proper mounting of the objective

lens.  This reduction of the weight allows for the motorized actuator to move more

freely and drastically reduces the likelihood of jamming.

Using a fiber optic coupler also eliminates the reflections at the pinhole which

cause an increase in background.  However, there is a similar phenomenon dealing

with specular reflection at the interface of port C to the air.  Specular reflected light

travels back through the coupler and is split to be detected by the PMT.  This results

in a dramatic increase in background.  In order to avoid this issue, port C was

incased in a capillary and polished off at a 7 degree angle and coated with an anti-

reflective material.  This assured that any light specular reflected would not maintain

total internal reflection and would be absorbed by the fiber cladding.  The capillary

was part of the custom design by AC Photonics.

In order to hold the capillary in place, a piece of delrin was machined to fit

inside of a fiber collimator adaptor (Thorlabs AD11F).  The delrin was machined to

have a radial slot from a center hole.  The center hole was about the same diameter

as the capillary.  When the fiber collimator adaptor was screwed down, the slot in

the delrin compressed to hold the capillary in place.  In this matter, the capillary was

not damaged from excessive force.
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2.4.2 Objective Lens

The microscope objective lens was also upgraded to allow thicker samples

to be scanned.  An 80X Mitutoyo objective (Edmund Optics NT46-400) with

numerical aperture of 0.5 and working distance of 15mm was chosen for this case.

The long working distance of this objective makes it possible to image samples

inside of a flask or well plate that is up to 1 cm in thickness, without a significant

compromise in resolution.  It also provides the opportunity to add additional optical

elements between the objective lens and the sample.  The addition of this objective

greatly improves the versatility of the confocal scanner.

2.4.3 Single-Mode Fiber

While the 50 :m multimode fiber accomplishes its goal of providing a

versatile system with no alignment, axial resolution is not as high as desired.  When

scanning over a coverslip, the resulting peak has a full-width at half-maximum of

between 25-30 :m.  In order to achieve higher resolution, a smaller fiber would need

to be used.  This would in turn reject more out-of-focus light, improving not only the

axial resolution, but increasing penetration depth as well.

In order to ensure that ample illumination light was present in a small fiber,

and because coupling light into a single-mode fiber can be tedious, we opted to use

a pigtailed laser diode (Thorlabs LPS-660-FC).  The fiber is a single-mode fiber with

FC/PC termination and has an output power of 7.5 mW with a wavelength of 660nm.

This fiber was coupled to a single-mode coupler (Fiber Optic Network Technology

Co. custom part) by use of a bulkhead.  The coupler had FC/PC termination at the
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Figure 2.9. FWHM comparison between multimode
and singlemode fibers.  Haidinger fringes are
averaged out by the multimode fiber.

PMT end (Port B) and utilized FC/APC termination at the objective end (Port C).

The FC/APC termination is polished at an 8 degree angle in order to prevent

specular reflection, in the same was as our fiber capillary.  An adaptor (Thorlabs

SM1FCA) was used to mount Port C behind the objective.  This mount was angled

at 4 degrees to ensure that the optical axis was perpendicular to the face of the

objective.

The benefits of the single-

mode fiber are noticed in the

increased axial resolution.

Scanning over a coverslip shows

a FWHM at the air-to-glass

interface to be less than the

FWHM scanned by a multimode

fiber, as shown in Figure 2.9.

However, a drawback of using a

single-mode fiber is the noticeable appearance of Haidinger fringes.  In the case of

a larger, multimode fiber these fringes are averaged out and blend into the FWHM

of the resulting signal.  Since resolution is dramatically increased, and since we are

using a monochromatic light source these fringes become visible.
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2.5 Specialized Additions

Since the confocal scanner was designed with versatility in mind, there is an

ability to incorporate various optical components in order to adapt the scanner to a

specialized application.  These additions are meant for the final design using the

fiber optic coupler, and as such are not intended for fluorescent use.  This is

because the fiber optic coupler is rated for monochromatic light at 660nm.  While

possible to adapt such a system to fluorescent applications by using wavelength

dependent filters, it is beyond the scope of this scanner.

2.5.1 Backscattering Only

In some imaging cases, it may be necessary that the only source of contrast

be scattering coefficient.  In this situation, any contrast that arises from index of

refraction changes need to be blocked out.  This contrast is a result from specular

reflection, and can be easily removed.

By adapting a similar method found in section 2.3.3, we can effectively

eliminate specular reflection.  Following the exit of the optical fiber, a circular

polarizer is placed before the objective.  This circular polarizer consists of a linear

polarizer and a quarter wave plate.  The fast axis of the quarter wave plate is

positioned at a 45 degree angle from the axis of the linear polarizer.  As mentioned

before, linear polarized light is turned circular by the quarter wave plate.  As

reflected light passes back through the quarter wave plate, the polarization state
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(2.2)

becomes linear again, but at a 90 degree angle to the original linear polarization

state.  This effectively blocks specular reflected light.

In our device, we used a glass linear polarizer (Edmund Optics 47216) and

a zero-order quarter wave plate (Thorlabs WPQ05M-670) for our circular polarizer.

With this device, we achieved an extinction ratio of approximately 5000:1.  

2.5.2 Rotational Scanning

One of the major drawbacks with using a motorized actuator is the slow scan

speed.  A typical scan takes about 10-15 seconds depending upon the length of the

scan.  In order to compensate for this, we have designed an optical wedge for use

in axial scanning.  Due to the law of refraction, light passing into an optically denser

medium bends towards the normal.  When the cone of light from an objective

passes through an object where there is a refractive index mismatch, a shift in the

focal length of the objective occurs.  An example of this phenomenon would occur

when a glass plate is placed after the objective but before the focal point.  The focal

point will become longer due to the higher optical density of the glass plate.  A

thicker glass plate will shift the focal point fnew even further away from the objective

according to the following equation
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Figure 2.10. Rendering of the wedge-shaped
glass that is used for rotational scanning. 
Changes in thickness as the disk rotates results
in a change in focal length of the microscope
objective.

where f0 is the original focal length of the objective, NA is the numerical aperture,

ng is the refractive index of the glass, and xg is the thickness of the glass.  The

equation holds true provided that

otherwise the focus will be inside of the glass.  In this case, the immersion medium

of the objective is assumed to be air.

Our design for rotational

scanning calls for a glass disk that

when viewed from the side carries

the shape of a wedge (Vitriforms

Custom Order), the design of which

can be seen in Figure 2.10.  The

glass is mounted on a DC motor to

rotate it so that glass in front of the

objective becomes thicker as it

scans through the sample.  The rising edge of the glass wedge is color coded with

black tape around the DC motor and checked with a photoreflective sensor so that

the firmware can recognize when to begin scanning.  Data is transmitted through a

serial connection when the falling edge appears over the objective.  This is to ensure

that the scanning process is as quick as possible.
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Preliminary tests with the glass wedge show that it does indeed change the

focal length through the sample.  Combined with the long-working distance

objective, the glass wedge design should able to accommodate an entire scan in the

axial direction at a precision at or below the resolution of the system.

2.6 Future Design

Future designs of the confocal scanner need to account for full-speed, video-

rate acquisitions.  As mentioned before, the current scan speed of the device is

about 10-15 seconds per scan.  If a three-dimensional scan was to be taken with

100 B-mode scans of 100 A-mode scans each, with 10 second scan time, it would

take approximately 27.7 hours to complete the scan.  With the glass wedge

rotational scanner (assuming 2 seconds per scan), the same three-dimensional scan

would take approximately 5.5 hours.

In order to speed up this process, a broadband source would need to replace

the monochromatic laser as the illumination source.  If an objective contained no

correction for chromatic aberrations, the focal length would be determined by the

wavelength of light.  A spectrometer would be used as the detector in order to

examine all wavelengths of light at once, resulting in an instantaneous axial scan.

Axial precision would be based upon the accuracy of the spectrometer.  Essentially,

green light would have a different focal point than infrared light, completely

eliminating the need of mechanical scanning.  This method of using chromatic light
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as a means of axial scanning has been accomplished in previous research

groups[7,27,55].
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CHAPTER 3

A FULLY AUTOMATED APPROACH TO 

QUANTITATIVELY DETERMINE THICKNESS OF TISSUE-

ENGINEERED CELL SHEETS

Figures and text herein are reproduced from Springer/Kluwer Academic Publishers,

Annals of Biomedical Engineering, 2009, “A Fully Automated Approach to

Quantitatievely Determine Thickness of Tissue-Engineered Cell Sheets”, Jeffrey T.

LaCroix, Jinjun Xia, and Mark A. Haidekker, DOI: 10.1007/s10439-009-9694-1 with

kind permission of Springer Science and Business Media.

3.1 Abstract

Sheet-based tissue engineering is an innovative field that has provided the

scientific community with new tissue-engineered products such as skin, cornea,

heart valves, and vascular grafts. As this area of tissue engineering progresses

towards clinical implementation, quality control becomes more and more important.

Imaging methods advertise themselves because of their high resolution and good

tissue-fluid contrast. We present and compare two methods, one based on a

custom-designed automatized large-area confocal scanner that uses backscattered

light for image formation, and one based on optical coherence tomography (OCT).

In both modalities, additional image processing is used to extract sheet thickness

and density information and to create a quantitative tissue thickness map in a fully
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automated fashion.  In test objects (glass of known thickness and scattering

samples) and engineered tissue sheets with artificially introduced defects we found

high agreement between the two methods in the measurement of thickness and the

visual representation of the defects.  Both the OCT and the confocal scanner were

able to provide high-detail images visually consistent to those obtained with

brightfield microscopy.  Both OCT and large-area confocal scanning in combination

with specialized image processing algorithms promise to provide information on

tissue homogeneity, density, and the presence of potential defects in tissue sheets

in an unsupervised fashion and thus help establish new quality control methods in

sheet-based tissue engineering.

3.2 Introduction

Rapid progress in tissue engineering technologies promises to deliver safe

and biologically compatible replacement organs[25,28].  A new branch of tissue

engineering technology has emerged, sheet-based tissue engineering[87].  Sheet-

based tissue engineering uses thin cell layers as intermediate or final step, allowing

flexible design of replacement parts such as cornea[42,86], heart valves[49,76],

myocardial tissue[46,68], or arterial grafts[40,41].  As sheet-based tissue

engineering progresses towards clinical studies and clinical application, there exists

a need for a reliable method of quality control for tissue-engineered constructs. The

primary goal of any quality control method is to accurately measure the thickness

and density of the grown tissue sheets, and to monitor growth during the entire
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manufacturing process. A secondary goal is the automation of the scanning process

and the integration into the routine tissue manufacturing process.  It is possible to

use conventional or confocal microscopy to determine the upper and lower focal

plane of the tissue sheet, but this manual process is highly time-consuming and

prone to error as the transition from the in-focus region to the out-of-focus region

occurs in a shallow gradient, thus making it difficult to precisely determine the tissue

boundary. 

Optical coherence tomography (OCT) is in the process of becoming a very

popular imaging method particularly in the fields of dermatology and ophthalmology

(see e.g. [23,31,53,60,83] for reviews).  The reason is both its high resolution with

pixel sizes in the order of 10:m or smaller, combined with very high fluid-tissue

contrast. OCT penetration depth is on the order of few millimeters[26], but sufficient

for the application in tissue sheets.  OCT devices have recently become available

as off-the-shelf units at a reasonable price. Clearly, a commercial general-purpose

OCT device would have to be integrated with a positioning device to allow

automated scans. Furthermore, a typical axial pixel size of 10:m would lead to a

10% discretization error in standard 100:m thick tissue sheets.  Although a broader

bandwidth light source would improve axial OCT resolution, a substantial increase

in cost is associated with such an improvement. As an alternative, we have pursued

the development of an inverted reflectance/scattering confocal scanner with an

automated scanning mechanism to scan a variety of tissue flasks (up to T-225

flasks) and multi-well plates. Integrated unsupervised image analysis lends the

device the capability to provide thickness maps, i.e., tissue thickness as a function
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of the location inside the flask. The goal of this study is to examine the performance

of the large-area confocal scanner and compare it to OCT as the gold-standard.

3.3 MATERIALS AND METHODS

3.3.1 Definitions

In the context of the characterization of the imaging devices, terms relating

to the resolution of the devices are defined as follows. The axial optical resolution

is theoretically set by the coherence length of the source in an OCT system, and by

the focusing optics in a confocal system. The lateral optical resolution is theoretically

set by the focusing optics in both OCT and confocal systems. The axial pixel size

is set by the source and detector parameters in the spectral-domain OCT system,

and the positioning stage in the confocal system. The lateral pixel size is set by the

lateral positioning or scanning systems in both OCT and confocal systems.  The full-

width at half-maximum (FWHM) of an intensity peak is the measured intensity

spread in the scan of a thin source (such as a mirror or an air-glass interface). As

opposed to the definitions of resolution and pixel size, the FWHM is not an

instrument parameter, but rather a measured quantity. The point-spread function is

the intensity distribution near a peak when a thin interface (glass surface or mirror)

was scanned, and it is characterized by its FWHM.
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3.3.2 Confocal Scanner

The large-area confocal scanner was based on the design presented in

Chapter 2, with the objective described in Section 2.2.3 and the fiber optics in 2.4.1.

The setup can be seen in Figure on page .  A 10mW, 635nm diode laser (Coherent,

Santa Clara, CA) was used as the illumination source and coupled into one of the

input ports of the fiber optic coupler.  Digitized scan data was collected and  further

processed on a PC.

To provide a single axial scan (A-mode scan), the Z motor raised the

positioning stage with the attached optics towards the sample, resulting in a change

of focal plane as seen in Figure.  Light scattered from the sample back into the fiber

was directed onto the PMT through the fiberoptic coupler. The signal obtained by

the PMT was processed through a 10-bit analog to digital converter, and was

displayed as the scattered intensity as a function of z distance.  With its X-Y

positioning unit, the device had the ability to provide a B-mode scan (multiple A-

mode scans along a straight line) as well as a complete 3D volume scan.  Data from

such a scan was provided as reflected/scattered intensity as a function of x,y, and

z, symbolized with I(x,y,z). 

3.3.3 Optical Coherence Tomography

The OCT device used in this study was a Thorlabs OCT930SR spectral radar

OCT with Handheld Probe and a broadband laser diode with a center wavelength

of 930nm and 100nm FWHM of the bandwidth.  Its nominal axial pixel size was

3.1:m per pixel, and the axial resolution 6.2:m according to the data sheet. The
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scan head was mounted on a manual X-Y-Z translation stage (Thorlabs).  The T-225

flask with the sample and the 6-well plate were held in place above the scan head

with the same holder that was used for the confocal scanner.  Unless mentioned

otherwise, ten OCT scans of the same location were taken and averaged to improve

the signal-to-noise ratio (SNR).

3.3.4 Scan Processing

In order to determine the thickness of a tissue sheet, images acquired from

the confocal scanner and the OCT device were processed was used as follows.

With a second-order Butterworth lowpass filter (cut-off frequency was set to a spatial

frequency of 10, corresponding to 50:m) applied to each A-mode scan, the detector

noise was greatly reduced and the tissue peak intensity isolated. The average and

minimum scan intensities ( IAV and IMIN, respectively) per individual A-mode scan

were determined.  A segmentation threshold T was computed from IAV and IMIN

following Equation 3.1, 

where a was an adjustable parameter generally set to 50%. In other words, tissue

intensity was defined as any intensity that was by 50% higher than the scan

average. Tissue thickness was determined by tracing from the highest tissue

intensity peak towards background in both scan directions until the intensity dropped

below the threshold. By using this segmentation method, the three-dimensional
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intensity image I(x,y,z) was reduced to a two-dimensional thickness image T(x,y).

For the confocal scans, a value of 37:m was subtracted from each pixel of T(x,y),

because 37:m was an empirical value determined as the contribution of the

reflectance peak from the adjacent flask bottom.  Finally, the resulting thickness was

scaled by the refractive index of the media of interest, which in this case was 1.37.

3.4.5 Performance Testing

The imaging performance of the confocal scanner was determined and

compared to the OCT device in four different ways. First, the FWHM of the device

was determined by scanning a mirror. Second, a reflecting phantom was created by

placing a microscope cover slip (Fisher Scientific) in a T-225 flask.  The cover slip

thickness was measured with a caliper and determined to be 0.16±0.01mm.  Twenty

confocal scans were taken of the same point on the coverslip with axial

measurements recorded every four steps of the encoder (0.652:m in air).  These

scans were averaged and displayed as a single scan to increase the signal-to-noise

ratio (SNR).  The thickness was determined using the method mentioned above with

1.47 as the refractive index of the media of interest (glass).  Using the OCT device,

ten B-mode scans consisting of 2000 A-mode scans each were taken of a 2mm strip

of the coverslip and averaged.  One arbitrary A-mode scan out of the B-mode image

provided by the OCT device was compared to the confocal scanner in order to

determine thickness of the coverslip.  Third, six scattering phantoms were created

by placing a small amount of silicone glue (DAP, Baltimore, MD) between two

microscope slides.  The slides were kept apart by six different shim spacers (Artus
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Corporation, Englewood, NJ) and the final silicone layer thickness was determined

with a micrometer caliper to be 0.196, 0.268, 0.326, 0.395, 0.616, and 0.703 mm,

respectively.  Silicone is a scattering material with a scattering coefficient of :s =5.3

cm-1 and an refractive index of 1.40, both values related to those of tissue-

engineered sheets.  Specifically, silicone scattering was sufficiently high to generate

a consistent scattering signal in both imaging devices.  Ten confocal A-mode scans

were acquired and averaged per sample, then the scattering region was segmented

and its thickness determined.  Similarly, OCT scans were performed by mounting

the samples on a X-Y-Z translation stage to manually position them relative to the

OCT scan head which was, in turn, mounted on a fixed post.  Samples were

manually adjusted to avoid aliasing with mirror images that are typically caused by

the Fourier-domain image formation method of the OCT.  Single B-mode scans

were taken.  In each B-mode scan, five A-mode scanlines were arbitrarily selected,

thickness was determined from the scattering region and averaged for each slide.

Fourth, a section of a tissue-engineered sheet as described in the next paragraph

was scanned and repositioned ten times to determine the repeatability of the

thickness measurement obtained by the segmentation algorithm. In addition, the

sensitivity of the segmentation algorithm towards variation of the parameter a was

determined.

Sample tissue sheets, grown in a 6-well plate, were provided for scanning by

Cytograft Tissue Engineering (Novato, CA).  During transportation, mold had

developed in one plate. The tissue sheets were therefore fixated in 2%

paraformaldehyde upon arrival, but both unaffected tissue and tissue affected by
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mold were used for scanning.  Intact tissue was used to determine the sensitivity

and reproducibility of the segmentation algorithm.  Tissue affected by mold was

used to investigate the difference between normal tissue and mold - representing

a highly abnormal feature - in the B-mode images.  The confocal scanner was used

to obtain a B-mode scan along a line of 4.76mm length spanning a section of mold

and the adjacent tissue.  The B-mode scan consisted of 1500 individual A-mode

scans with a lateral pixel size of 3.175:m and axial points recorded every three

steps of the encoder (corresponding to an axial pixel size of 0.489:m in air).  A

similar scan was taken by the OCT device of a 2mm strip spanning a section of

mold and the adjacent tissue.  This B-mode scan consisted of 1000 individual A-

mode scans with an axial pixel size of 3.1:m.  

To further simulate tissue defects, we mechanically disturbed the tissue in an

adjacent well in order to provide additional artifacts for scanning and comparison.

One hole was created in the tissue with a scalpel blade, which in turn scratched the

plastic well.  An additional hole was made with a 100:L pipette tip, which resulted

in a cleaner puncture.  A thin layer of tissue was scratched with a fine scalpel blade,

and finally a felt tip pen was used to place a dark mark on the bottom for orientation.

The area containing the defects was scanned by both devices.  A rectangular

section measuring 6.5 x 10.4mm encompassing all four defects was scanned with

a lateral scan distance of 95.3:m in both directions by the confocal scanner with

axial pixel size of 326nm.  The same region was scanned with a lateral pixel size of

2:m by using the OCT device with an axial pixel size of 3.1:m.  OCT B-mode scans

were repeated with a 50:m offset by manually repositioning the OCT scanhead,
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resulting in a highly anisotropic voxel size.  The number of points in the horizontal

direction was then scaled by ten using linear interpolation to obtain voxels with close

to isotropic dimensions.  

Finally, the tissue region containing the most prominent defect was also

photographed using a conventional inverted microscope for comparison, and one

additional high-resolution confocal scan was taken over the same defect: a square

region of size 635 x 635:m was scanned with a lateral pixel size of 3.175:m by the

confocal scanner with axial pixel size of 326nm.  This region was also compared

visually to the microscope image.

3.4 RESULTS

Verification of  the device performance following the four verification steps

described in the Methods section provided information on the confocal scanner

performance as follows. The scan of the mirror provided a sharp and clearly

identifiable peak, and full-width at half-maximum (FWHM) of the A-mode scan was

determined to be 45 pixels, which corresponds to 22.0:m in air. A similar scan with

the OCT device provided a FWHM of 6.2:m. The microscope cover slip placed

inside of a T-225 flask was scanned with both devices.  The A-mode intensity profile

of the confocal scan is shown in Figure 3.1a.  Each intensity peak was caused by

reflection at the interface of two media of different refractive index. FWHM values

of 21.51:m for peak A and 24.45:m for peak B were determined.  The pixel-based,

uncorrected, peak-to-peak distance was 109.04:m.  However, since the focal plane
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Figure 3.1. A-mode scans of a test phantom (a  0.16 mm microscope glass coverslip
inside of a T225 flask).  Shown is the region where the flask-coverslip interface and
the coverslip-air interface create high-intensity peaks through reflection.  (a) Confocal
scan with values recorded every 3 encoder steps (489nm).  (b) OCT scan with axial
pixel values recorded every 3.1:m.

is traveling through media with a refractive index other than air, this value needs to

be scaled up by the refractive index of glass (n = 1.47) in order to compensate for

the decrease of the focal plane movement in the media.  This yields the corrected

thickness value to be 160.3:m, very closely corresponding to the caliper

measurement of the coverslip thickness, 0.16±0.01mm.  The corresponding A-mode

scan of the OCT device is shown in Figure 3.1b with an axial pixel size of 3.1:m.

Peak A has a FWHM of 6.2:m while the FWHM of peak B is 18.6:m.  Distance

measurements in the OCT device are corrected by a function built into the

proprietary software and yielded a thickness of 170.8:m after the refractive index

value of n=1.47 was entered. By scanning over the edge of the coverslip, we were

able to determine that the lateral optical resolution was smaller than the lateral pixel

size in both devices.
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Figure 3.2. A-mode scan from the confocal
scanner showing raw scan data (solid line)
as well as the filtered data as used in the
segmentation step to determine tissue
thickness (dashed line).

Figure 3.2 shows an A-mode

scan of a grown tissue sheet inside a

six-well plate.  The confocal scanner

was used with an axial pixel size of

326nm.  Peak A is caused by reflection

at the interface between the air and the

bottom of the well and has a FWHM of

26.1:m.  The reflection of the second

interface between the well and the

media causes a lower peak (peak B)

with FWHM of approximately 13.4:m.  The tissue itself appears as a much broader

peak in Figure 3.2.  The width of this peak reflects the tissue layer thickness.  The

dashed line in Figure 3.2 represents the scan after the application of software

filtering in preparation for segmentation and thickness computation.  After tissue

segmentation and application of corrections for refractive index, actual tissue

thickness was determined to be 109:m.

The ability of the segmentation algorithm to accurately and precisely

determine tissue thickness was further examined.  Six scattering samples of silicone

were scanned with both devices.  Their thickness, determined from the images,

were compared to caliper measurements (Figure 3.3).  Both confocal and OCT

measurements yielded a thickness that was about 10% larger than the caliper-based

thickness (the slope of both regression lines was 1.1 with a correlation coefficient

R2 larger than 0.999).  The deviation between both optical methods was very small,
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Figure 3.3. Result of the measurement of the
thickness of scattering samples (silicone) with a
conventional caliper and optical methods. A
systematic deviation between caliper and optical
measurements can be seen (regression slope of
1.1 with R2 >0.999 for both OCT and confocal
with the caliper measurements), but OCT and
confocal measurements deviate less than 1%
from each other in average.

less than 1% in average. To assess the precision, a tissue sheet was scanned ten

times with the sheet being repositioned between scans.  The average value of all

thickness measurements was determined to be 263:m with a standard deviation of

±7.1:m.  Finally, the same tissue section was used to determine the sensitivity of

the segmentation process  towards the threshold parameter a in Equation 3.1.  Over

a wide range of a from 10% to 100%, a thickness decrease of 1 pixel per percent

point was found. However, at the extreme values, a higher sensitivity than average

was observed, and close to our reference value of a=50%, thickness decreased with

only 0.5 pixels for each percent point.
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Figure 3.4. Confocal B-mode scan of a tissue
sheet with mold using the confocal device. 
Horizontal scale bar is 1mm, and the vertical
scale bar is 100:m.

In Figure 3.4, the confocal

scanner's ability to generate B-mode

scans is demonstrated.  To obtain a

B-mode scan, multiple A-mode scans

were arrayed to form an image of

scattered intensity along a line in X

direction and axial depth, I(x,z).

Figure 3.4 shows the B-mode scan

obtained from a section of the tissue

sheet in which mold was allowed to

accumulate.  Two parts of this image

are further broken down.  The mold-

free tissue on the left side of the

image was found to be 124:m thick using the segmentation algorithm previously

described.  Two methods were used to calculate the thickness of the mold-grown

tissue on the rightmost side of the image.  Using the segmentation algorithm, the

thickness of the tissue with the mold together was calculated to be approximately

215:m. On closer inspection, it can be seen that the segmentation algorithm failed

to provide the correct thickness because of the scattering properties and the

porosity of the mold.  Manual measurement yielded mold thickness of up to 349:m.

This value is further confounded by the unknown refractive index of mold.  A similar

B-mode scan was taken with the OCT device and shown in Figure 3.5.  This image

also shows a tissue layer with the mold growing on the right hand side.  From this
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Figure 3.5. B-mode scan of a tissue sheet with mold using the OCT device. 
Horizontal scale bar is 200:m, and the vertical scale bar is 250:m.

image, it could be determined that the thickness of the mold-free tissue was

155.1:m, in close relationship to the tissue thickness obtained by the confocal

scanner. The thickness of the mold on the thickest point was around 212:m.  This

was determined by using 1.37 as the refractive index of the tissue, and assuming

1.34 as the refractive index of the mold due to its lower density.

The segmentation algorithm for the confocal scanner can be used on multiple

B-mode scans to create a thickness map of large tissue sheets.  Figure 3.6 shows

the mechanically disturbed section of tissue sheet imaged over an area of

approximately 68mm2.  Figure 3.6a is a thickness map obtained over the entire area

using the segmentation algorithm.  Thicker areas appear brighter in the map, with

a maximum value in this case computed to be 189:m.  Most of the tissue in this

area appears to be approximately 100:m thick.   For comparison, the thickness map

of the same area is shown in Figure 3.6b taken by the OCT device. 
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Figure 3.6. Side by side comparison of both modalities showing
mechanically disturbed tissue.  In both images, “A” is an external
mark on the bottom of the well created by a fiber-tip pen.  Hole “B”
and slice “C” were created with a tip of a scalpel.  Hole “D” was
created with a 100:L pipette tip.  (a) Confocal thickness map with
calibrated intensity values (black: zero thickness to white: 189:m). 
Scale bar is 1.5mm.  (b) Scaled thickness map of the same area
scanned by OCT.  Horizontal and vertical scale bars are each 1mm.

A close-up of the scan taken of the punched hole (feature D in Figure 3.6) is

shown in Figure 3.7 covering a total area of 0.403mm2.  A microscope image was

taken of this same hole for comparison and shown in Figure 3.8. It can be seen that

the darkest areas in Figure 3.7 coincide with the area  where the pipette tip

completely penetrated the tissue (no cells visible in Figure 3.8).  The surrounding

tissue appears to be approximately 100:m in thickness.  Large thickness variation

exists within this small area of tissue, most likely due to the manipulation of the

tissue when pressed down by the pipette tip. 
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Figure 3.7. Confocal thickness map
created by a high-resolution scan of area
D in Figure 3.6.  Scale bar is 100:m.

Figure 3.8. Conventional brightfield
microscope image of the area scanned in
Figure 3.7. The image was taken on an
inverted microscope and mirrored along
the Y-axis for comparison to the confocal
thickness map.

3.5 DISCUSSION

In this study, we presented an automated method to determine thickness and

density of large tissue sheets based on a confocal scanner and an OCT scanner.

In both imaging modalities, the signal is generated by refractive index changes,

either by large-scale changes at interfaces or by subresolution changes commonly

called scattering. Absorption can also cause contrast. In tissue, light is primarily

scattered by collagen, and scattered light intensity may turn out to be related to

collagen matrix expression of the cells.  Experiments performed with the confocal

scanner match observations found in Monte Carlo simulations[18].  It can be seen

that peaks caused by changes in refractive index are exhibited as sharper peaks,

while peaks resulting from scattering regions appear  broader.  At interfaces,
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(3.2)

reflected intensity depends on the degree of refractive index change. Consequently,

peak B is lower than Peak A in Figure 3.2, since the change in refractive index from

the well to the tissue is only about 0.1, while the change from the air to the well is

0.47.  When examining the measured FWHM of the imaging device, it becomes

evident in Figures 3.1 and 3.2 that the FWHM of the peaks are broader than those

obtained with OCT.  The source of image blur is different in both instruments.  Since

axial pixel size of the OCT device is 3.1:m, it is difficult to accurately determine a

more accurate FWHM of the peaks.  For example, in Figure 3.1b, the FWHM of

peak A appears to be 6.2:m, although the true FWHM may lie anywhere between

6.2:m and 18.6 :m due to limitations of pixel discretization of the device and partial-

volume effects.  In addition, the FWHM of peak B which was determined to be

18.6:m, a value closer to that of the confocal scanner of 24.45:m. Clearly, the

predominant factor that limits resolution in the confocal scanner is Gaussian blur,

while the limiting factor in the spectral radar OCT device is the source bandwidth

and the optical path difference between sample and reference beams.   

Following confocal theory,[14] the 3 dB separation distance of two focal

planes, dZ (3dB), is related to the refractive index n, the pinhole size a, the

wavelength 8, and the objective magnification M through Equation 3.2:
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(3.3)

Applying Equation 3.2 to our system, we found dz to be 0.73:m from which the

standard deviation  F of the Gaussian point-spread function can be calculated as

0.87:m.  From this value, a theoretical FWHM of 2.1:m follows, a value markedly

lower than the FWHM of the peaks found in Figure 3.2 (26.1:m for peak A and

13.4:m for peak B).  For the OCT, the axial optical resolution is defined as 

where )z is the theoretical FWHM of the Gaussian point-spread function and )8 is

the FWHM of the bandwidth of the superluminescent laser diode.  For our OCT

system, )z=3.8:m based on technical specifications, although the mirror scan

yielded a FWHM of 6.2:m.  Clearly, the main factor that limits the usability of the

confocal scanner is the Gaussian blur introduced by several factors: the 50:m

pinhole aperture that is dictated by the multimode fiber used in our prototype,

possible underfilling of the objective, and our use of an objective that provided a long

working distance at the expense of numerical aperture.  A setup based on a very

small single-mode fiber has been accomplished by a different research group,[32]

and design of future prototypes will take this concept into account, since a smaller

pinhole should greatly improve the axial resolution.  In a similar fashion, multiple

factors play a role in determining the point-spread function of the OCT. In addition

to the bandwidth of the light source (Equation 3.3) , the point-spread function

depends on the optical path difference between reference and sample path, and
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similar to the confocal scanner, the point-spread function that was actually

measured was broader than expected from theory. Since a smaller FWHM of the

point-spread function may be expected from theory, we cannot exclude the influence

of manufacturing tolerances.

One additional possible solution to reduce the width of the point-spread

function would be software deconvolution.  If tissue thickness is the main parameter

of interest, the empirical adjustment of the segmentation threshold would provide

accurate thickness values.  This notion is further corroborated by the comparable

accuracy and precision of the thickness measurements in the OCT and confocal

scanners.  In the case of the confocal scanner, an excellent match with OCT-based

thickness was observed in spite of the poorer point-spread function.  However, both

devices show a systematic deviation from caliper measurements in silicone samples

of known thickness (Figure 3.3).  We assume that the pressure exerted on the

silicone samples by a micrometer-type caliper may compress the samples and

cause this type of deviation - more compression in thicker samples.  This

consideration raises the question of precision.  Clearly, mechanical measurements

cannot provide precise measurements of sheet thickness, even if sample

contamination is not taken into account.  An experiment with repeated thickness

measurement of tissue thickness after sample repositioning provided a standard

deviation of 7.1:m in a 260:m sample, corresponding to a coefficient of variation

of 2.7%. Considering the point-spread function of the confocal scanner, precision

is not a major factor that influences the usability of the confocal scanner. Precision

is also determined by the thresholding algorithm, particularly by the arbitrarily
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chosen factor a in Equation 3.1. Clearly, any Gaussian blur, whether caused by the

optical system or by image processing, reduces the measured thickness with

increasing a. While we consider a change of apparent tissue thickness of 0.5 pixels

per percent-point change of a (this corresponds to roughly 3:m thickness change -

about 1.2% of the thickness of a 260:m sheet - when a is changed from 50% to

60% to be sufficiently reliable, two avenues can be tried to further reduce this

potential source of error. First, a can be calibrated using samples of known

thickness, such as the silicone sheets. Second, other edge-detection methods can

be experimented with, such as application of the LoG (Laplacian-of-Gauss) operator.

However, since the main limiting factor of the confocal scanner is the axial optical

resolution, the improvement of the optical system should remain the primary focus.

While the thickness measurement by the automated segmentation algorithm

can be considered reliable for normal tissue layers, the measured thickness of

disturbed tissue or non-tissue features (such as mold) is uncertain.  Some of the

segmentation parameters have been empirically chosen and warrant a more

thorough analysis with a larger sample set.  Modifications of the segmentation

algorithm would not change the principle of the actual confocal scanner. Both the

coverslip thickness and the tissue thickness match the expected values and the

values determined with OCT within few percent.  Major deviations in the thickness

measurements were observed in the mold scans.  This is most likely due to the lack

of differentiation of the mold and tissue caused by the filter step in the segmentation

process.  However, we included the mold scans for illustration purposes, as any

mold accumulated on the tissue would invalidate the practical application of the
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tissue anyway.  Therefore, determining the true thickness of the mold is irrelevant

in this context. 

A side by side comparison of the mechanically disturbed tissue images

shown in Figure 3.6 illustrates the usefulness of the thickness map.  It can be seen

in the confocal image (Figure 3.6a) that there are thickness variations over the

surface area of the tissue sheet.  The thickness map generated by the confocal

scanner is calibrated linearly over the thickness scale.  Thickness variations are also

visible in the OCT image (Figure 3.6b) but cannot easily be quantified because the

OCT image was  acquired with several scans, and the scans assembled manually

to form the image in Figure 3.6b.  Consequently, background intensity variations

become visible that would adversely affect the estimated homogeneity of the tissue

thickness.  The source of these variations in a closed-source off-the-shelf OCT

system remains unclear, and the observed intensity variations prohibit us from

making a reliable comparison about thickness differences over the large scale.

However, these considerations are limited to the specific OCT device that was used

in this study.  It is not unusual that details of the data collection and image formation

software of off-the-shelf devices are not known, often being considered as trade

secrets.  A custom-built device, comparable to our custom confocal scanner, would

not have any of these limitations, and a similar degree of automation would be

possible. This notion can be taken further by custom-designing the optics at the end

of the OCT sample arm.  In fact, a more suitable sample scanning lens can be used

to improve the lateral resolution of the device, as improving the bandwidth of the

source would improve the axial resolution. However, the depth of focus is inversely
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Figure 3.9. Confocal image showing
mechanically disturbed tissue with
thresholding at 125:m. Black regions
indicate tissue sections with a thickness
below 125 :m. This processed image is
provided to demonstrate the ability of the
confocal scanner to automatically
identify inhomogeneous or thin tissue
regions.

related to the lateral resolution, and the limiting factor is the thickness of the flask

bottom.  

The ability of the confocal scanner to provide a wide range of lateral pixel

sizes is illustrated further in Figure 3.7 which was taken at approximately 30 times

higher resolution in each direction that Figure 3.6a.  Such a scan would take 100

times longer over the same area than the

low-resolution scan.  On the other hand,

the high-resolution scan compares well to

the microscope brightfield image (Figure

3.8), where similarities in the hole shape

can clearly be seen.  The time factor

could give rise to two scan modes: One

initial scan at a low resolution, followed by

high-resolution spot scans wherever

thickness variations or other potential

defects have been identified by software.

Further software image processing is

possible.  One example is illustrated in

Figure 3.9.  A threshold of 125 :m has

been applied, creating dark areas

wherever tissue thickness falls below

125:m.  This could be useful in quality

control to determine where large areas of
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the tissue have not reached matured thickness.  Similarly, the analysis of thickness

variation could reveal inhomogeneously grown sheets.

A comparison of the OCT and confocal scanners reveals advantages and

disadvantages in both systems.  Compared to OCT, a higher signal-to-noise ratio

was observed in single (non-averaged) scans.  Voxel size was smaller in the

confocal scanner, leading to a potentially higher spatial resolution.  In this specific

case, confocal spatial resolution was primarily confounded by the large FWHM.

Furthermore, the OCT scanner was dramatically faster than the confocal scanner.

The z-stage used in the confocal scanner prototype allowed us to perform one A-

mode scan in 9 seconds, while the OCT scanner provided one B-mode scan in 0.25

seconds.  Acquisition and averaging of ten OCT B-mode scans for improved SNR

was still faster than one confocal A-mode scan.  Clearly, the two most important

areas for improvement of the confocal scanner are the axial translation mechanism

(faster fine-positioning in the axial direction by using, for example, a piezoelectric

positioner) and the fiberoptic system, where an optimum pinhole size needs to be

found.

In conclusion, we found that both OCT and confocal scattered-light imaging

in combination with suitable image processing are viable methods to determine the

thickness of tissue-engineered sheets.  Our experience with the off-the-shelf OCT

device showed us that a custom design allows for more complete system integration

and full automation.  This study also demonstrated that a confocal scattered-light

scanner is feasible, but additional improvements are required to convert our

prototype into a device that can be used in routine quality control for engineered
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tissue sheets. In sheets that are typical for this application, that is, sheets between

100:m and 300:m thickness, both the OCT and the confocal principle can be used.

Provided that the FWHM of the confocal scanner can be improved, its smaller voxel

size makes confocal imaging more suitable than OCT for thin tissue sheets, while

thicker sheets cannot be imaged with the confocal scanner.  Both imaging

techniques, in combination with suitable image processing, promise to become

useful enabling technologies for automated quality control in tissue engineering.
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CHAPTER 4

MEASURING SCATTERING EFFECTS WITH SINGLE-MODE

FIBER-OPTIC CONFOCAL MICROSCOPY

4.1 Abstract

Confocal microscopy has become an option for examining tissues in vivo as

a diagnostic tool for skin.  However, low penetration depth of confocal microscopy

presents the need to recognize contrast at shallow depths in order to accurately

image the skin.  Since collagen is the primary scattering element in skin, it would be

useful to quantify the relative concentration of collagen present.  For this reason, we

built a fully automated confocal scanner to examine how light scatters in Intralipid,

a common tissue phantom, and three-dimensional collagen gels.  By measuring light

attenuation at interface reflections of various thicknesses using our device, we were

able to extract the scattering coefficient of Intralipid at increasing concentrations in

water.  We were also able to measure the amount of scattering of various

concentrations of collagen in gels directly using backscattered light.  The results

show a direct linear increase in backscattering for a positive change in density of

collagen within the gels.
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4.2 Introduction

Confocal microscopy is beginning to establish itself as a method of examining

tissues in vivo as a diagnostic tool for the human cornea [44,51] and for skin [45,52].

In utilizing confocal microscopy as a reliable method of diagnostic imaging, it is

important to be able to evaluate the potential of the confocal system in terms of the

ability to recognize scattering and refractive index changes as sources of contrast.

This needs to be done at shallow imaging depths due to low penetration depth limits

of the system.  Penetration depth has been examined in confocal microscopy in

previous studies[34,69] and is largely governed by confocal pinhole size and

absorption in the system.  Confocal microscopy has also been shown as a method

of determining scattering coefficient [12,13], which is something we will examine in

this study.

In this chapter, we use a customized confocal system to look at scattering in

Intralipid and in collagen gels.  Intralipid is a common phantom with similar optical

properties as that of biological tissues[17,48].  The properties of Intralipid have been

thoroughly studied, providing us with a reliable method for comparison[24,75].  With

our device, we will attempt to estimate the scattering coefficient at various

concentrations of Intralipid by measuring reflection at various depths from refractive

index mismatches.  

Collagen is a major source of scattering in skin[3], and therefore is a main

source of contrast in imaging.  It is beneficial to quantify these scattering properties

in order to use them for diagnostic purposes, such as imaging the extracellular
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Figure 4.1.  A-mode scan of Intralipid.  The
intensity of the resulting peak from the
refractive index change from Intralipid to Glass
is recorded.  Actual thickness is determined by
scaling the Intralipid peaks by the refractive
index of Intralipid.

matrix in skin.  In order to accomplish this, we will directly measure backscattering

from collagen gels.  Collagen gels are typically used as in vitro systems used to

model cell behavior in three-dimensions[19-21,62].  Using these gels, we can

determine how directly backscattered light correlates with increasing densities of

collagen.

4.3 Materials and Methods

Our scanner was developed based upon to the principle of single-pinhole

confocal microscopy and was built according to the specifications set forth in

Chapter 2, specifically with the improvements of the objective described in Section

2.4.2 and with the single-mode

fiber optic coupler in Section 2.4.3.

For the first part of this study, 20%

Intralipid (Sigma Aldrich) was

diluted to concentrations of 0.5%,

1.0%, 1.5%, and 2.0%.  Small

volumes of each Intralipid

concentration were placed

between two glass slides

separated by shim spacers of

known thicknesses of 127, 191,

254, 318, 381, and 508:m,
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(4.1)

(4.2)

creating 24 total samples.  The volumes were held in place on the slides due to

surface tension.  A B-mode scan of lateral pixel size 3.175:m consisting of 5 A-

mode scans of axial pixel size 326nm (as seen in Figure 4.1) was taken for each

sample.  Each set of A-mode scans was aligned so that the refractive index change

from glass to Intralipid was aligned at the left of the image.  The 5 A-mode scans

were averaged together for analysis. 

In order to ensure that our signal would not be overly attenuated at these

imaging depths, we computed the maximum depth that we would be able to resolve

a 0.22 refractive index change using Beer’s Law.  Beer’s Law equation was modified

so that the primary attenuation factor is scattering coefficient :s instead of

absorption coefficient, since absorption in Intralipid at 660nm is approximately

0.002cm-1[24].  The modified equation is given by

where I is the intensity of light after distance t from incident light I0.  Since we are

concerned with reflected signals at refractive index mismatches, we use the

following equation describing specular reflected light
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(4.3)

Figure 4.2.  Theoretical maximum imaging depth
due to scattering coefficient.  The maximum depth
to detect refractive index changes of 0.05, 0.10,
0.15, and 0.20 are shown.

in which Iref is the intensity of the reflected light and n1 and n2 are the refractive

indices of the two mediums at the interface.  After mathematical manipulation of

these two equations for multilayer analysis, we can predict the maximum imaging

depth tPD as a function of scattering coefficient and refractive indices of each

medium.  This yields the following equation

where the limits of detection are given as ratio Id/Ip (ratio of 2nd interface peak to the

peak from container to media), and the refractive indices are given as nt for the

scattering media, ng for the

initial container, and ni for the

detecting interface.  These

values are referred to in Figure

4.1.

In our calculations, we

define maximum imaging

depth at the point where Id is

2% of Ip, chosen so that the
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intensity would be sufficiently above baseline to be recognized as a peak.  We

varied scattering coefficient of the media at fixed refractive index change (nt to ni)

to determine maximum imaging depth, with the results shown in Figure 4.2.

From Figure 4.2, we can see that as long as scattering coefficient is below

70cm-1, we can easily resolve a refractive index change of 0.20 at thicknesses below

250:m, with deeper depths available for more diluted concentrations.  This validates

our choice of shim stock for the Intralipid experiments.  It is important to note that

while a reflection signal can be attained at such high imaging depths, the resolution

decreases heavily at higher thicknesses due to specimen-induced spherical

aberration[4].

For the second part of the study, we used collagen gels in order to

determined the effect of collagen scattering directly, rather than through refractive

index changes.  Gels were fabricated using high concentration Type 1 (8.00mg/mL)

rat tail collagen (BD Biosciences, Bedford, MA).  Twenty-one concentrations were

made ranging from 0.30mg/mL to 3.30mg/mL at 0.15mg/mL intervals.  Volumes  for

each desired concentration were mixed into test tubes (Fisher Scientific) which were

kept on ice.  10% of the desired original volume consisted of 10X phosphate buffer

solution.  Volume of collagen was determined as the ratio of the product of desired

original volume of solution and final desired concentration to the concentration of the

stock volume, but not added yet.  1N NaOH (2.3:L per 100:L collagen) was added

to the test tube.   Enough cold 18MS-cm ultrapure water was added to the test tube

to bring the solution to the desired original volume.  The solution was further diluted

with the addition of 333:L cell culture media per 1mL original volume and mixed
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Figure 4.3. Natural logarithm of the intensity
signal from a 0.22 refractive index change
(Intralipid to air) at various thicknesses at four
concentrations.  Each concentration was fit to
a linear regression to obtain the decay
constants.

before the addition of the collagen, bringing our total volume to 1.333mL.  A 500:L

aliquot of each concentration was pipetted twice into 24-well plates (Becton

Dickinson Labware, Franklin Lakes, NJ) and allowed to gel for 1 hour at 37°C.  A B-

mode scan of lateral pixel size 3.175:m consisting of 30 A-mode scans of axial pixel

size 652nm was taken for each sample.  As in the penetration depth study, each set

of A-mode scans was aligned so that the refractive index change from well to gel

was at the left of the image.  The 30 A-mode scans were averaged together.  The

scattering signal obtained from 196 to 522:m after the peak was averaged again in

order to determine a single-quantity scattering signal.  The lower bound was chosen

for analysis in order to avoid specular reflection from the well to gel interface while

the upper bound was chosen in order to ensure sufficient signal prior to losses due

to penetration depth.

4.4 Results

The natural logarithm (from

Beer’s Law, Equation 4.1) of the

intensity of the peak measurements

for the Intralipid-glass interface were

recorded for each concentration and

plotted against thickness of the

tissue phantom as shown in Figure

4.3.  Tissue phantom thickness was
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Figure 4.4. Extracted scattering coefficient from
the decay constants in Figure 4.3.  Error bars
denote 95% confidence of the decay constants. 
This was fit to a linear regression in order to
extrapolate additional concentrations.  

determined by scaling the peak-to-peak distance from z actuator translation by

approximate index of refraction of the phantoms (assumed to be 1.33) as shown in

Figure 4.1.  The natural logarithm of the data where sufficient signal was above

baseline was gathered and fit to a linear regression, with the decay constants

recorded.  All six thicknesses recorded reflection peaks sufficiently above baseline

for the 0.5% and 1.0% Intralipid concentrations, with decay constants of

0.003405:m-1 and 0.007189:m-1 respectively.  Scattering coefficient limited the

penetration depth of the confocal system in the 1.5% and 2.0% Intralipid

concentrations, with usable peaks for the first four thicknesses up to 318:m.

Regression of these concentrations yielded decay constants of 0.01133:m-1 and

0.01502:m-1 respectively.  R2 goodness of fit values were all greater than 0.99 for

each concentration.  All linear regressions had a significant non-zero slope.

The decay constants

obtained from the regression

were used in order to extract

scattering coefficient of the

various concentrations of

Intralipid.  Since absorption in

Intralipid and water is low, we can

assume that the prominent decay

factor in these regressions is

scattering coefficient :s.  After

considering the round-trip
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Figure 4.5.  Theoretical penetration depth in order
to identify a specific refractive index change at the
four scattering coefficients shown in Figure 4.4. 

attenuation for the Beer’s Law function, we assume :s to be equal to 17.025cm-1 for

0.5% Intralipid, 35.945cm-1 for 1.0%, 56.65cm-1 for 1.5%, and 75.1cm-1 for 2.0%.

The values for :s were plotted against Intralipid concentration in Figure 4.4.  Linear

regression of the data yielded a slope of 38.99 ± 0.5904 with a Y intercept of -2.553

± 0.8084cm-1.  R2 goodness of fit value was approximately 1.0 with P-value 0.0002,

showing a significant non-zero slope.  

Referring back to Equation 4.3, we can now model the maximum imaging

depth as a function of refractive index change at the fixed scattering coefficients

obtained from Figure 4.3 in order to validate our peak detections recorded in Figure

4.3.  This model is shown in Figure 4.5.
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Figure 4.6.  Quantified backscattering from
increasing concentrations of collagen gels.

Figure 4.7.  Residual analysis of Figure 4.6. 
Concentration of 1.8mg/mL is circled with
values denoted as asterisks on the histogram.

In the case of collagen gel

scattering, the averaged scattering

signal from each of the 42 samples

was plotted against the collagen gel

concentration with the results shown

in Figure 4.6.  Linear regression of

the data points yielded a slope of

8.173 ± 0.2819 with a Y intercept of

1.184 ± 0.5685, in arbitrary units of

intensity.  R2 goodness of fit value

was 0.95 with P-value of less than

0.0001, showing a significant non-

zero slope.  Analysis of residuals

show a random normal distribution

of mean approximately zero and

standard deviation of 0.0141.

Pearson Product Moment correlation

is 2.183x10-9 with p-value 1.0,

therefore showing no correlation of

residuals and indicating our model

was appropriate in defining collagen

scattering.
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4.5 Discussion

In this study we determined the scattering coefficient of Intralipid for various

concentrations based on the amount of light reflected from a 0.22 index of refraction

change at different thicknesses.  From Figure 4.5 we can verify that our obtained

peaks fall within the maximum imaging depths for each shim stock, concluding that

these peaks were due to the expected interface rather than an unknown artifact or

noise.  The exponential regressions of the Intralipid signals resulting from a 0.22

refractive index change were consistent with Beer’s Law.  By using the regression

in Figure 4.3, extracting the scattering coefficient for plotting against Intralipid

concentration, our linear scale in Figure 4.4 can be used to predict scattering at

higher concentrations.  For our case, a prediction at 10% Intralipid for example

would be 390cm-1 at 660nm.  This value falls between the values measured by

Flock[24]and van Staveren[75].  

Direct backscattering of the collagen gels rises as concentration of collagen

within the gels are increasing.  Since this is due to an increase in scattering

coefficient, this function is assumed to be linear, which the statistical analysis

supports.  It is worth noting that in the residual analysis, both repeats of collagen gel

concentration 1.8mg/mL are viewed as minor outliers (Figure 4.7).  While it is

possible that this is a naturally occurring phenomenon, it is more likely due to a

small error in pipetting.

In conclusion, we showed that our confocal scanner can be used to

investigate the scattering properties of turbid media.  The use of Intralipid
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demonstrates our ability to measure reflection within low scattering medium in order

to extract optical properties when absorption coefficient is negligible, providing

typical confocal resolution is not needed at high imaging depths.  The optical

sectioning capability of the single-mode fiber provides the necessary penetration to

accomplish this task.  The recognition of increased scattering from higher density

collagen gels provides supportive evidence that this device can be used to analyze

collagen density in terms of contrast for in vivo applications.
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CHAPTER 5

MEASURING DERMAL SCATTERING USING A PROTOTYPE

CONFOCAL SCANNER

5.1 Abstract

There are many products on the market claiming to restore collagen in skin

in order to reduce visible wrinkles for the user to appear more youthful.  However,

evaluation of these products is subjective with a “before and after” effect.  Since

side-to-side comparisons and dermatological grading scales make no attempt to

determine the restructuring of the extracellular matrix, we used the customized

scanner based on confocal microscopy in order to examine underlying collagen

structure.  Since the extracellular matrix changes with age, we attempted to locate

a trend due to incident light backscattering from the collagen.  We also evaluated

the effects of gender and skin type on collagen backscattering on 150 healthy

volunteers.  Results show that while a significant effect was observed with age, it is

contrary to our hypothesis that backscattering should decrease with age due to

losses of collagen.  This is most likely due to the high variability of subsamples,

which we address.  Nevertheless, the results indicate that with a few changes to the

system to ensure direct measurement of the collagen, a stronger trend may be

observed comparable to that seen in nature.
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5.2 Introduction

The anti-aging industry is flourishing with many new products claiming to

restore collagen in photoaged skin, reducing wrinkles and improving elasticity.

While there is much research in establishing the claims of such

products[29,36,63,82], the methods of doing so are largely subjective, normally

involving side-to-side comparisons or through dermatological grading scales.  These

methods do not view the collagen structure directly, but rather determine the

effectiveness of the product based upon visual inspection.  An objective method of

quantifying how the skin benefits from these products would be highly desirable in

substantiating the products’ claims.

Confocal microscopy is one method that could serve as a diagnostic tool for

human skin [45,52].  Confocal microscopy in terms of diagnostic imaging, relies

upon scattering and refractive index changes as sources of contrast.  Collagen has

been shown to be a major source of scattering in skin[3], and therefore can be

analyzed using confocal microscopy.  As we showed in Chapter 4, higher

concentrations of collagen results in an increase of scattering coefficient of the

underlying tissue, and can be detected.

In this study, we will attempt to use our customized confocal scanner in order

to identify a trend among healthy volunteers of all ages through measurement of the

skin on the finger.  Skin can essentially be described in three general layers: the

epidermis, dermis, and subcutaneous tissue.  The epidermis is the outermost layer,

and consists of five layers itself, the topmost being the stratum corneum, which is
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Figure 5.1. Schematic of confocal scanner.  Light
from the pigtailed laser diode travels through the
fiber and exits to the 80X objective.  The fiber
termination acts as a confocal pinhole providing a
depth response.  Backscattered light is collected by
the PMT.

the permeability barrier of the skin[30].  The epidermis contains specialized cells that

produce melanin (melanocyte) and are involved in immune response (Langerhans

cell)[50].  In the epidermal layer, melanin is the primary optical absorber.  The

dermis contains collagen fibers, which provide tensile strength and anchors the

epidermis[84].  Subcutaneous tissue consists of mostly fat and connective tissue.

While age related changes of skin have been identified through various methods

before[56,59], we will focus primarily on light scattering through the skin specifically

due to collagen.  We will quantify the amount of backscattering due to collagen

based on parameters of age, gender, and skin type.  A correlation would provide

information as to the feasibility of utilizing our confocal scanner as an objective

diagnostic tool for the effectiveness of anti-aging medications.

5.3 Materials and Methods

Our confocal scanner is

shown in Figure 5.1, with the

setup described in Chapter 2.

The optical fiber is described in

section 2.4.1, and the objective is

described in 2.4.2.  The 7.5mW,

660nm laser diode fiber pigtail

mentioned in 2.4.3 was attached

to one of the input ports of the
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Figure 5.2.  Sample scanning setup.  The middle
finger rests between two microscope slides (dashed
box) above a coverslip.  Both the slides and the
coverslip are secured to a plexiglass stage with a
hole above the microscope objective.  

fiber optic coupler with a makeshift bulkhead.  The output port of the fiber was

cleaved and secured inside an acrylic holder, and polished at an 8 degree angle in

order to avoid specular reflection at the fiber-air interface. 

The use of human subjects for this study was approved by the University of

Missouri Health Sciences Institutional Review Board.  150 healthy volunteers

ranging in ages from four months to 79 years (demographics shown in Table 5.1)

had the middle pad of the

middle finger on their right

hand scanned after supplying

informed written consent.  This

area was chosen in order to

minimize jitter from the

subjects as well as to minimize

pigmentat ion var ia t ion.

Gender and Fitzpatrick skin

type were also used as

identifiers.  The finger was placed between to microscope slides that formed a

channel and acted as spacers.  Below the finger was a coverslip to serve as a

possible reference between scans.  This setup is shown in Figure 5.2.  The specular

reflection from the coverslip would theoretically remain consistent from subject to

subject.  When possible, 10-A mode scans  was taken in order to ensure sufficient

sub-sampling and to average jitter.  Each scan had an axial pixel size of 489nm.



87

Age of Subject (years) Gender Fitzpatrick Skin Type

<10 7

111
Female

1 13

10-20 14 2 62

20-30 29 3 60

30-40 21 4 4

40-50 28

39
Male

5 9

50-60 25 6 2

60-70 17 Total
150

>70 9

Table 5.1  Demographic data of healthy volunteers.

Figure 5.3.  Sample A-mode scan of a subject.  The two
sharp peaks on the left denote the coverslip used as a
reference.  Data from the subject is the third peak in the
center.

Backscattered light from each subject showed up as a single peak.  The

intensity above background

for the peak was recorded

along with the full-width at

half-maximum (FWHM).

Also, an intensity value

approximately 167:m past

the peak was recorded in

order to ensure that

scattering was recorded in

the dermal layer of skin.  A
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sample A-mode scan highlighting each measurement is shown in Figure 5.3.

5.4 Results

Analysis of data used the following regression model employing subsamples

among the group of samples

(5.1)

where : is the overall mean, age, skin, and gender are the fixed effects of the ith,

jth, and kth factors, respectively, skin*gender is the interaction between fixed

effects skin and gender, e is a random error, and d is the random effect due to the

lth subsample.  For each subject, ten measurements were taken in order to obtain

a more accurate response for each subject by reducing the variability.  Our model

contains an extra random effect term which accounts for the variability due to the

subsamples.  The model in Equation 5.1, assumes that eijk and dijkl are normally and

independently distributed with means zero and respective variances Fe
2 and Fd

2.

Using this formulation, F-tests can be developed in order to test our four null

hypotheses: no factor differences do to age, gender, or skin type, and no interaction

between gender and skin type.  Kuehl presents a comprehensive discussion on this

topic[39].  In the context of this chapter, the factors for age is the age in years of the

subject, the factors for gender are male and female, and the factors for skin are the

categorical assignments of the Fitzpatrick Skin Type.  A significance level of 0.05

is assigned for all data sets.  Results from the raw data set are shown in Table 5.2.
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Fixed Effects Data Peak 167:m past
Peak

FWHM

Age 0.0349 0.2869 0.6237

Gender 0.4611 0.0069 0.3366

Fitzpatrick Skin Type 0.8123 0.0860 0.8677

Gender/Skin Type Interaction 0.3081 0.0485 0.0739

Table 5.2 P-values from our analysis using all skin types.  Values that are statistically
significant are italicized.  When the interaction is significant, the other fixed effects
become irrelevant.

Figure 5.4. Overall data peak as dependent
variable.  The box plot shows a positive trend in
the medians of each sample group.

When the dependent variable

was the overall peak above baseline,

the fixed effect of age was significant

with a p-value of 0.0349, while the

fixed effects of gender and skin type

were not significant with p-values of

0.4611 and 0.8123, respectively.

Furthermore, there was no significant

interaction between gender and skin

type.  From Figure 5.4 it can be seen

that while there is much variability among the measurements, there is an indication

of a positive trend among the medians for each sample.

Using the intensity of the light obtained 167:m past the overall peak as a

dependent variable, the interaction between gender and skin type became



90

Figure 5.5. FWHM as a dependent variable.
As expected, this was not determined to be
affected by age.

significant, with a p-value of 0.0485.  With the interaction term significant, the fixed

effects of gender and skin type is irrelevant.  The fixed effect of age was not

significant, with a p-value of 0.2869.

Full-width at half-maximum as

the data peak when used as a

dependent variable showed no

significant effects among age, gender,

and skin type.  These effects had p-

values of 0.6237, 0.3366, and 0.8677,

respectively.  As in the case using the

overall peak, there was no significant

interaction between gender and skin

type.  A box plot of this data can be

seen in Figure 5.5.

The model was run again using skin type from 1 to 5 instead of from 1 to 6.

This is because there were no males with skin type 6 that participated in the study.

The results of this test is shown in Table 5.3.  

As in the model using all skin types, when the dependent variable is overall

peak above baseline, the fixed effect of age is significant.  When the dependent

variable is 167:m past the overall peak, interaction between gender and skin type

is significant.  These trends can be seen in the box plots in Figure 5.6.  All other

treatments are not statistically significant.
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Figure 5.6. 167:m past data peak as dependent variable.  There is a slight
positive trend in the medians the subjects in response to darker skin.  There
also appears to be a gender effect.

Fixed Effects Data Peak 167:m past
Peak

FWHM

Age 0.0353 0.2862 0.6248

Gender 0.4621 0.0068 0.3383

Fitzpatrick Skin Type 0.8042 0.0496 0.7647

Gender/Skin Type Interaction 0.3103 0.0480 0.0754

Table 5.3 P-values from our analysis using skin types 1-5.  Values that are statistically
significant are italicized.  

The previous two tests were run again using a different data set.  This time,

the baseline obtained from the specular reflection at the coverslip-to-air interface

was used to normalize all data for the dependent variables overall peak above

baseline, and 167:m past the peak.  With the test including all Skin Type data, no

significant fixed effects were observed when the dependent variable was 167:m

past the peak.  However, with dependent variable overall peak above baseline, age
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Fixed Effects Data Peak 167:m past Peak

Age 0.0056 0.3705

Gender 0.8833 0.9895

Fitzpatrick Skin Type 0.7117 0.9481

Gender/Skin Type Interaction 0.7077 0.7532

Table 5.4  P-values from our analysis using all skin types after normalization by
baseline specular reflection.  Values that are statistically significant are italicized.

Figure 5.7.  Normalized intensity of data peak
above baseline as dependent variable.  There is
a positive trend in the medians of each sample
group.

had a significant effect, p-value of 0.0056, the trend of which is shown in Figure 5.7.

All other effects were not significant.  When gender and skin type fixed effects were

removed, age still had a significant effect with p-value of 0.0205.  All p-values for

this test is shown in Table 5.4.

Rerunning the second test in

which we omitted skin type 6 using

the normalized values, no

significant effects were observed

for dependent variable of 167:m

past peak.  As with before, when

the dependent variable was the

overall peak above background,

age was significant with p-value of

0.0057.  All other effects were not

significant.  When age was run

alone as a fixed effect, it was still significant with a p-value of 0.0247.  These results

can be seen in Table 5.5.
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Fixed Effects Data Peak 167:m past Peak

Age 0.0056 0.3705

Gender 0.8833 0.9895

Fitzpatrick Skin Type 0.7117 0.9481

Gender/Skin Type Interaction 0.7077 0.7532

Table 5.5  P-values from our analysis using skin types 1-5 after normalization by
baseline specular reflection.  Values that are statistically significant are italicized.

5.5 Discussion

It should first be noted that while plots of residuals show a moderate

departure from normality, the t-statistics and F-statistics are still known to be

robust[43].  The analysis of our collected data implies that there is an effect of age

on scattering in skin.  However, the data we obtained does not necessarily support

our original hypothesis that there is a negative effect from age due to skin scattering,

as seen by the trend described by Figures 5.4 and 5.7.  It is possible that a few of

the outliers affects the trend of the data.

The trend for the intensity recorded 167:m after the peak shows a positive

trend as the skin of the individual darkens, as seen in Figure 5.6.  This is surprising

due to the fact that melanin is a primary absorber in the epidermis, as one would

expect to see a negative trend due to the round-trip attenuation of the incident light.

From Figure 5.6 it would also seem that the intensity recorded from males is

higher than that of females from this measurement.  It is unlikely that the effects are

due to a difference in epidermal thickness, since there is much debate on gender
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being significant variable[70].  It may be possible that the use of hand creams and

lotions attenuate the signal due to their effects on the epidermis.  Since women have

a tendency to use hand creams and lotions more than men, this could explain some

of the interaction that we see in Figure 5.6.

The use of full-width at half-maximum as a dependent variable was in

purpose to provide a general idea on penetration through the skin.  It can be seen

in Figure 5.5 that as expected, this was not dependent upon age of the individual.

Although this study did not support our original hypothesis, the results that

were statistically significant illustrate the need for future study.  One issue that would

readily need to be addressed is the amount of jitter of the subjects.  It can be seen

from Figures 5.4 and 5.5 that a high variability of subsamples exist.  In the case of

overall peak as a dependent variable, the standard deviation of the means of all

samples is 57.9.  The average of the standard deviations for each sample is 43.2.

This jitter is most likely caused due to the amount of time it takes for a single scan

(approximately 10 seconds).  Minor fluctuations in the position of the finger can

cause an increase in specular reflection, throwing off the data peak.  One method

of decreasing this scan time would be the use of chromatic confocal microscopy as

a means of axial scanning[7,27,55] which uses a broadband light source combined

with a non-achromatic objective for depth profiling.  This technique is further

explained in Section 2.6 of Chapter 2 and Section 6.3.2 of Chapter 6 in this

dissertation.

It may also be necessary to calibrate laser output with a power meter

between visits.  This is because small changes in intensity of laser light can show
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a significant effect on the results.  However, our technique of using the specular

reflection at the interface peak between the air and coverslip was effective in

reducing this effect.  As shown in Tables 5.4 and 5.5 the normalization had a major

effect on these values, as the significant effects due to gender and skin type

interaction are no longer present.  The significant fixed effect of age still shows up

after normalization as seen in Figure 5.7.  The slope of the trend is extremely small,

and it is possible that the outliers are affecting the direction of the trend as described

earlier.

However, another possible explanation for the rising slope may have to do

with the top most layer of skin, the stratum corneum.  It is likely the intensity of the

data peak is the specular reflection caused from the refractive index mismatch of air

to skin.  The refractive index of the stratum corneum is approximately 1.45[38] and

is highly scattering.  It is also known that as people age, dead skin cells slough off

at a slower rate, thickening the stratum corneum[81].  It is possible that this slight

increase in thickness of the stratum corneum results in high specular reflection and

diffuse reflectance near the incident beam.  This may be the cause of the increase

in the total signal that is seen from the overall data peak with age.

In order to determine the feasibility of this explanation, Monte Carlo for Multi-

Layered media (MCML) was used to model diffuse reflectance within a radius of

10:m of the incident light at the surface of skin.  This was performed using the

Monte Carlo code from Wang and Jacques[79,80].  A three layer skin model was

used consisting of the stratum corneum, epidermis, and dermis.  Bulk optical

parameters for these layers were estimated from the consolidated work of Van
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Layer n :a(cm-1) :s(cm-1) g thickness(:m)

Stratum Corneum 1.45 80 2000 0.9 10-28

Epidermis 1.4 40 500 0.8 80

Dermis 1.4 4 400 0.8 1900

Table 5.6  Optical parameters used in MCML.

Figure 5.8.  Measurement of diffuse reflectance
using MCML varying the thickness of the
stratum corneum.

Gemert and Jacques[74] consisting of data from Anderson and Parrish[2], Wan et

al.[78], and Everett et al.[22] It is important to note that Everett’s data on the stratum

corneum is only for ultraviolet light, so the bulk optical properties are extrapolated

according to the trends found for the epidermis and dermis.  A summary of the

parameters used in the MCML program is given in Table 5.6.

One million incident photons were used in order to model the diffuse

reflectance.  It can be seen from Figure 5.8 that the diffuse reflectance within a ring

of diameter 10:m appears to

increase with thickness change of

the stratum corneum.  While it is

necessary to note that modeling of

skin using parallel planes is not

ideal, and the estimations of the

bulk properties do not necessarily

follow what is seen in normal

variations in nature, the results of
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the MCML analysis appear to support the explanation as why the fixed effect of age

appears to be signifcant with the data peak.

While the data peak here may be significant due to thinkness changes in the

stratum corneum, it interferes with the overall goal of looking at collagen in the

extracellular matrix.  In order to combat this, a drop of glycerol (refractive index of

1.47) could be placed between the coverslip and the sample.  This would reduce the

amount of specular reflection due to the interface between air and skin.  With

specular reflection reduced, contrast is effected by absorption and scattering

coefficient.  This would ensure that the information that we are seeing is related to

collagen rather than the stratum corneum.  An additional solution would involve

using a wavelength in the near-infrared spectrum to provide greater penetration

depth.  

In conclusion, while the confocal device was able to measure backscattering

from skin, it is unclear on whether or not we were able to obtain the signal directly

from collagen.  Although we are still confident that a trend of collagen backscattering

based on age can still be found, it is necessary to make thorough improvements to

the device itself before repeat measurements should be sought after.  The primary

goal is to reduce jitter among patients caused by the amount of time it takes to

acquire ten scans.  Using chromatic confocal microscopy, this is something that can

be easily attained, as multiple scans can be taken in a matter of seconds.  A more

balanced data set should also be acquired, with special consideration given to the

stratification of types of patients who visit the dermatology clinic.  This study laid the
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groundwork for a thorough repeat of this project, and it is recommended that

providing the aforementioned changes take place that this study should be repeated.
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CHAPTER 6

CONCLUSIONS AND FUTURE OF PROJECT

This dissertation has introduced a fully-automated fiber-optic confocal

scanner.  Three uses have been presented along with the iterations of the prototype

development.  In Chapter 1, an introduction to the method of confocal microscopy

was presented from the original patent application to the modern versions in use

today.  An overview of the mathematics involved with producing contrast was

provided in order to explain the confocal mechanism.  Chapter 2 described in detail

the development of the confocal scanner from original free-space conceptions to the

self-aligning fiber-optic device currently in use.  A few methods of improvement were

also offered and will be elaborated on at the end of this chapter.  In Chapter 3 the

ability of the confocal scanner to quantify thickness for tissue-engineered cell sheets

was described.  Our method was compared with a commercial spectral-radar optical

coherence tomography device.  Both methods demonstrated an ability to serve as

quality control mechanisms for identifying thickness, density, and homogeneity in

tissue-engineered constructs.  Chapter 4 presented the confocal scanner as a

method which can quantify scattering at shallow image depths.  Using Intralipid, we

showed that scattering coefficient could be identified through light attenuation before

and after specular reflection.  We then used the scanner in order to look at direct

backscattering in the collagen gels.  Finally, the ability of the confocal scanner to be
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used in a clinical setting was examined in Chapter 5, as we attempted to quantify

the aging of skin.  

6.1 Benefits of the Confocal Scanner

This dissertation thoroughly elaborated on the abilities of our prototype

confocal scanner.  The automated xy-translation stage allows for the comprehensive

scan of samples up to 225cm2 (Chapter 2), which is particularly useful in the

quantitative assessment of tissue-engineered cell sheets (Chapter 3).  While many

customized scanners use free space optics, the confocal scanner is alignment free

with its use of fiber-optics (Chapter 2), which can be tailored for use in different

applications, such as using a single-mode fiber for higher penetration depth

(Chapter 4) or a larger fiber for maximizing the scattering signal (Chapter 5).  The

scanner is able to recognize defects in a sample as well as determine thickness

(below 300:m) as well as a commercially available optical coherence tomography

system (Chapter 3).  The fully-automated functions also allow for complete three-

dimensional scanning and the ability to generate two-dimensional maps in

determining homogeneity in a sample (Chapters 2 and 3).

The applications of the confocal scanner are diverse as well, and have been

discussed throughout this dissertation.  In addition to showing the ability to be a tool

for quality control (Chapter 3), the confocal scanner can also be a diagnostic device

in a clinical setting (Chapter 5).  The device can also be used to identify scattering

as a source of contrast at low penetration depths (Chapter 4).  The confocal scanner
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was also shown to have the ability to estimate scattering coefficient in low absorbing

media (Chapter 4).  The system itself can be made portable (Chapters 2 and 5) and

be modified for a multitude of other applications (Chapter 2).

6.2 Shortcomings of the Confocal Scanner

While the benefits of the confocal scanner are promising, there are also a few

shortcomings that need to be remedied for continuation of this project.  Depth

resolution is limited by Gaussian blur introduced by a number of factors that include

an oversized pinhole for the system, possible underfilling of the objective, and

sacrifice of numerical aperture for working distance (Chapter 3).  While a smaller

pinhole remedies this, the system is introduced to Haidinger fringes, affecting

contrast near a refractive index mismatch (Chapter 2).  Use of an air-immersion

objective leads to high-index mismatches in in vivo applications (Chapter 5).

Scanning at high imaging depths also leads to specimen-induced spherical

aberration, which decreases overall axial resolution (Chapter 4).

Perhaps the greatest shortcoming of the device is the lengthy scan times for

signal acquisition.  The slow mechanical scanning process can not only lead to

overly excessive scan times in quality control (Chapter 3) but can also increase the

likelihood of jitter from subjects in in vivo applications (Chapter 5).  These scan

times appear to be one of the primary limiting factors in the versatility of the confocal

scanner.
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6.3 Future Direction of Project

6.3.1 Overview

As mentioned throughout this dissertation, the ideal confocal scanner would

be portable and versatile and could scan quickly with high resolution and

repeatability.  The full-width at half-maximum of the Gaussian blur needs to be

minimized.  This can be accomplished by using a single-mode fiber, which greatly

improves the optical sectioning capability of the confocal system.  Another method

is to increase the numerical aperture of the objective.  However, due to the current

workings of the device, a long-working distance is needed in order to scan through

the tissue.  Typically, numerical aperture is sacrificed for this working distance, thus

reducing the axial resolution of the confocal system.

The more pressing issue limiting the marketability of the current state of the

confocal scanner is the lengthy scan times.  Currently, scans are mechanical and

typically take about ten to fifteen seconds per scan.  The time costs of using this

device are currently not greater than the benefits.  While uses such as investigating

localized areas of thickness in cell sheets or determining scattering coefficient for

low absorbers are not dependent on these time costs, the idea of doing an

exhaustive scan on an entire cell sheet is ridiculous considering the present

shortcomings.  For this reason, scan time needs to be readily addressed.

In order to account for all issues above, I recommend the following

improvements in the confocal scanner.
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Figure 6.1. Chromatic aberration.  The lens
focuses different wavelengths at different points.

6.3.2 Chromatic Confocal Microscopy

One of the employed methods of optical coherence tomography involves the

use of a spectrometer to obtain frequency related depth information.  The intensities

of the different wavelengths detected by the spectrometer from illumination of the

broadband source provides depth information that can be mathematically resolved.

This information takes place on the millisecond time scale, resulting in extremely fast

acquisition times.  Normally this is coupled with a line scanning mirror, resulting in

B-mode scans that are refreshed at video rate.

The idea of using a

spectrometer in order to look at

depth information of the sample can

be easily applied to confocal

microscopy.  The primary changes

involves the laser source, which

can no longer be monochromatic,

and the objective lens.  Most objective lenses for confocal microscopy are

apochromatic, which are corrected for spherical and chromatic aberration at multiple

wavelengths.  In order to use the spectrometer as a detector, the objective lens

must have no correction for chromatic aberration.  As shown in Figure 6.1,

chromatic aberration results in a change of focal length for increasing wavelengths.

When combined with a broadband light source, depth information can be gathered

by recording the spectral information due to reflections and backscatterers at

different focal lengths.  Rather than mechanical translation of a single focal plane,
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Figure 6.2. Schematic of chromatic confocal
microscopy.  The non-achromatic objective
focuses the wavelengths at different points.  The
intensity of each wavelength is recorded by the
spectrometer, supplying depth information.

a non-achromatic objective would illuminate all focal planes at once, and can be

recorded easily by the spectrometer[27,55], a process that is illustrated in Figure

6.2.

The scan depth attainable by this system is largely due to the objective lens

used in the application along with the wavelength.  Since chromatic aberration is

introduced from the wavelength-dependent refractive index of the lens, optimization

of these two factors is application dependent.  In methods where precision is

needed, scan depth can be adjusted to 7:m[67], while in microtopography

applications, this can be as high as 700:m[54].

6.3.3 Optimizing Axial Resolution

In order to provide for the maximum axial resolution, a single-mode fiber with

center wavelength matching the center wavelength of the broadband light source
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would be used (similar to OCT).  This would not only allow for precise optical

sectioning, but the small aperture would increase penetration depth as well.

Furthermore, the long working distance can be sacrificed as mechanical scanning

is no longer necessary.  This leads to an increase in numerical aperture, and thus

an increase in axial resolution.  It would even be possible to vary the working

distance of the objective for the application, as a long working distance would be

more suitable in cases where cell sheets or samples are contained in thick

containers, and small working distance may be more suitable for in vivo applications.

6.3.4 Physical Concerns

Physical concerns involving the use of chromatic confocal microscopy revolve

primarily around the non-achromatic objective and the spectrometer.  Axial pixel size

is determined by these two parameters.  For the objective, the amount of chromatic

aberration plays a role in the precision.  It would be necessary to find an objective

that would shift the focal length by less than a micron per nanometer wavelength.

The spectrometer resolution balances this.  If the spectrometer can resolve less

than nanometer scale for wavelength, the focal shift due to chromatic aberration can

be longer per unit wavelength.  Ideal sampling would be around 500nm in the axial

direction, and these parameters need to be chosen carefully in order to achieve this.

On the reverse side, it is necessary to scan a long enough distance over the

bandwidth of the incident light.  Currently, the confocal scanner’s translational stage

allows for a scanning distance of well over a couple of millimeters, even though this

kind of penetration is not likely.  Nevertheless, it would be useful to be able to cover
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the range of around 500:m in the case of low scattering media.  For this reason,

broadband illumination should be selected with a large enough bandwidth to cover

this range.  Essentially, a proper balance needs to be maintained among the

incident light source, the non-achromatic objective, and the spectrometer in order

to achieve maximum scan distance, and to meet Nyquist sampling.  It should also

be noted that since the detector would become a spectrometer rather than a PMT,

corrections need to be made in order to account for SNR.  Although, this can be

achieve in adjusting the integration time of the spectrometer and by averaging the

spectrum.

6.3.5 Software Concerns

In utilizing different wavelengths, corrections must be made to handle the

variations due to sample parameters that are wavelength dependent.  This includes

index of refraction, absorption coefficient, scattering coefficient, and to some degree

anisotropy.  Since this will no doubt differ from sample to sample, these corrections

are going to be specific towards the end use of the device.  This eliminates some

of the versatility that the device has with monochromatic light, as these parameters

are the same throughout the sample.  Combined with intensity attenuation due to

depth, corrections for these factors could become extremely complex, particularly

if there is a large bandwidth for the incident light.

In order to combat this, a mechanical scan may need to be taken in order to

view the depth profile so each wavelength runs over the depth of the sample.  This

information may be used in order to perform the needed correction for exhaustive
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scanning.  Nevertheless, there is a desire to be completely rid of mechanical

scanning, resulting in a need for additional ideas in this manner.

6.3.6 Summary

It appears that while chromatic confocal microscopy may prove to be a

challenging method to implement at first, the strong gains in signal acquisition time

makes the process worthwhile.  A carefully chosen incident broadband light source,

coupled with a worthy non-achromatic objective and spectrometer would result in

an extremely efficient device while obtaining sufficient sampling at high resolutions.

The fiber optics could make the scan head portable for easier sampling of subjects

in vivo.  The future of this project lies in the ability to improve the versatility of this

device, reduce overall scan time, and increase axial resolution to approach industry

standards.
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