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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 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.

INTRODUCTION
Rapid progress in tissue engineering technologies promises to deliver safe and biologically
compatible replacement organs.1,2 A new branch of tissue engineering technology has
emerged, sheet-based tissue engineering.3,22 Sheet-based tissue engineering uses thin cell
layers as intermediate or final step, allowing flexible design of replacement parts such as
cornea,4,5 heart valves,6,7 myocardial tissue,8,9 or arterial grafts.10,11 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 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.
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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. 12-16 for reviews).
The reason is both its high resolution with pixel sizes in the order of 10μm or smaller, combined
with very high fluid-tissue contrast. OCT penetration depth is on the order of few millimeters,
17 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 10μm would lead to a 10% discretization error in
standard 100μm 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 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.

MATERIALS AND METHODS
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.

The large-area confocal scanner was developed based on the principle of single-pinhole
confocal microscopy and constructed as shown in Figure 1. Using a fiber optic coupler (AC
Photonics, Santa Clara, CA), we were able to create a self-confocal single pinhole device that
made pinhole alignment associated with conventional free space optics unnecessary. A 10mW,
635nm diode laser (Coherent, Santa Clara, CA) was coupled into one of the input ports of the
fiber optic coupler. The output fiber aperture works as a 50μm pinhole, serving both to
illuminate the sample as well as collect reflected and back-scattered light. The fiber termination
was held inside a glass capillary and was polished at seven degrees and covered with anti-
reflection coating in order to improve signal-to-noise ratio by reducing specular reflection at
the fiber-air interface. Illumination light exiting the fiber was focused through a 6mm working
distance 100X industrial microscope objective (Edmund Optics, Barrington, NJ). Light
returned from the sample was refocused by the same objective and sent back through the
coupler outlet port, where it was split between the input fibers. The coupler outlet port exited
to a photomultiplier module (Hamamatsu Photonics, Bridgewater, NJ). The optical apparatus
was mounted to a translation stage vertically driven by a DC motorized actuator (Z612B, 12mm
travel with 3/8” barrel, Thorlabs) with built-in encoder that provided one pulse every 163nm
of travel. These scanning elements were attached to a custom built XY stage that was driven
by stepper motor actuators with a halfstep size of 3.175μm (Anaheim Automation, Anaheim,
CA). Samples to be scanned were placed on a holder mounted above the objective. A separate
linear stage, driven by a stepper motor, allowed coarse Z positioning of the sample. All motors
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were controlled by custom built drivers. This includes three stepper motor drivers to position
the objective in the X and Y plane as well as to raise and lower the sample, and a DC motor
driver to position the scanning optics. The entire unit used a microcontroller for motion control
and data collection. 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
1. 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).

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 3.1μm per pixel, and the axial
resolution 6.2μm according to the data sheet. The 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).

In order to determine the thickness of a tissue sheet, images acquired from the confocal scanner
and the OCT device were processed as follows. With a second-order Butterworth lowpass filter
(cut-off frequency was set to a spatial frequency of 10, corresponding to 50μm) 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 1,

(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 intensity image I(x,y,z) was reduced to a two-dimensional thickness
image T(x,y). For the confocal scans, a value of 37μm was subtracted from each pixel of T
(x,y), because 37μm 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.

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 (0.652μm 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
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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 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 μs =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 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 3.175μm and
axial points recorded every three steps of the encoder (corresponding to an axial pixel size of
0.489μm 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 3.1μm.

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 100μL 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 × 10.4mm encompassing all four defects was scanned with
a lateral scan distance of 95.3μm in both directions by the confocal scanner with axial pixel
size of 326nm. The same region was scanned with a lateral pixel size of 2μm by using the OCT
device with an axial pixel size of 3.1μm. OCT B-mode scans were repeated with a 50μm offset
by manually repositioning the OCT scanhead, 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

LaCroix et al. Page 4

Ann Biomed Eng. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



confocal scan was taken over the same defect: a square region of size 635 × 635μm was scanned
with a lateral pixel size of 3.175μm by the confocal scanner with axial pixel size of 326nm.
This region was also compared visually to the microscope image.

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 22.0μm in air. A similar scan with the OCT device provided a FWHM of 6.2μm. 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 2a. Each intensity peak was
caused by reflection at the interface of two media of different refractive index. FWHM values
of 21.51μm for peak A and 24.45μm for peak B were determined. The pixel-based, uncorrected,
peak-to-peak distance was 109.04μm. However, since the focal plane 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 160.3μm, 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 2b with an axial pixel size
of 3.1μm. Peak A has a FWHM of 6.2μm while the FWHM of peak B is 18.6μm. Distance
measurements in the OCT device are corrected by a function built into the proprietary software
and yielded a thickness of 170.8μm 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.

Figure 3 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 26.1μm. The reflection
of the second interface between the well and the media causes a lower peak (peak B) with
FWHM of approximately 13.4μm. The tissue itself appears as a much broader peak in Figure
3. The width of this peak reflects the tissue layer thickness. The dashed line in Figure 3
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 109μm.

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 4).
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, 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 263μm with a standard deviation of ±7.1μm. Finally, the same tissue section
was used to determine the sensitivity of the segmentation process towards the threshold
parameter a in Equation 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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In Figure 5, 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 5 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 124μm 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 215μm. 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
349μm. 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 6. This image also shows
a tissue layer with the mold growing on the right hand side. From this image, it could be
determined that the thickness of the mold-free tissue was 155.1μm, in close relationship to the
tissue thickness obtained by the confocal scanner. The thickness of the mold on the thickest
point was around 212μm. 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 7 shows the mechanically disturbed
section of tissue sheet imaged over an area of approximately 68mm2. Figure 7a 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 189μm. Most of the
tissue in this area appears to be approximately 100μm thick. For comparison, the thickness
map of the same area is shown in Figure 7b taken by the OCT device.

A close-up of the scan taken of the punched hole (feature D in Figure 7) is shown in Figure 8
covering a total area of 0.403mm2. A microscope image was taken of this same hole for
comparison and shown in Figure 9. It can be seen that the darkest areas in Figure 8 coincide
with the area where the pipette tip completely penetrated the tissue (no cells visible in Figure
9). The surrounding tissue appears to be approximately 100μm 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.

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, reflected intensity depends on the degree
of refractive index change. Consequently, peak B is lower than Peak A in Figure 3, 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 2 and 3 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 3.1μm, it is difficult to accurately determine a more accurate FWHM of the
peaks. For example, in Figure 2b, the FWHM of peak A appears to be 6.2μm, although the true
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FWHM may lie anywhere between 6.2μm and 18.6 μm 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 18.6μm, a value closer to that of the confocal scanner of 24.45μm. 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 bandwith and the optical path
difference between sample and reference beams.

Following confocal theory,19 the 3 dB separation distance of two focal planes, dZ(3dB), is
related to the refractive index n, the pinhole size a, the wavelength λ, and the objective
magnification M through Equation 2:

(2)

Applying Equation 2 to our system, we found dz to be 0.73μm from which the standard
deviation σ of the Gaussian point-spread function can be calculated as 0.87μm. From this value,
a theoretical FWHM of 2.1μm follows, a value markedly lower than the FWHM of the peaks
found in Figure 3 (26.1μm for peak A and 13.4μm for peak B). For the OCT, the axial optical
resolution is defined as 20

(3)

where Δz is the theoretical FWHM of the Gaussian point-spread function and Δλ is the FWHM
of the bandwidth of the superluminescent laser diode. For our OCT system, Δz=3.8μm based
on technical specifications, although the mirror scan yielded a FWHM of 6.2μm. Clearly, the
main factor that limits the usability of the confocal scanner is the Gaussian blur introduced by
several factors: the 50μm 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,21 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), the
point-spread function depends on the optical path difference between reference and sample
path, and 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 4). 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
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thickness measurement of tissue thickness after sample repositioning provided a standard
deviation of 7.1μm in a 260μm 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 chosen factor a in Equation 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 3μm thickness change
- about 1.2% of the thickness of a 260μm 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 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 7
illustrates the usefulness of the thickness map. It can be seen in the confocal image (Figure 7a)
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 7b) 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 7b. 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 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 8 which was taken at approximately 30 times higher resolution in each
direction that Figure 7a. Such a scan would take 100 times longer over the same area than the
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low-resolution scan. On the other hand, the high-resolution scan compares well to the
microscope brightfield image (Figure 9), 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 10. A threshold of 125 μm has been applied, creating dark areas wherever
tissue thickness falls below 125μm. This could be useful in quality control to determine where
large areas of 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 tissue sheets. In sheets that are typical for this application, that is, sheets between
100μm and 300μm 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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Figure 1.
Schematic diagram of the confocal scanner. The inset shows the lower end of the microscope
objective mount with the fiber termination and capillary.
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Figure 2.
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 3.1μm.
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Figure 3.
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).
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Figure 4.
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
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Figure 5.
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 100μm.

LaCroix et al. Page 15

Ann Biomed Eng. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
B-mode scan of a tissue sheet with mold using the OCT device. Horizontal scale bar is
200μm, and the vertical scale bar is 250μm.
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Figure 7.
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 100μL pipette
tip. (a) Confocal thickness map with calibrated intensity values (black: zero thickness to white:
189μm). Scale bar is 1.5mm. (b) Scaled thickness map of the same area scanned by OCT.
Horizontal and vertical scale bars are each 1mm

LaCroix et al. Page 17

Ann Biomed Eng. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
Confocal thickness map created by a high-resolution scan of area D in Figure 6. Scale bar is
100μm.
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Figure 9.
Conventional brightfield microscope image of the area scanned in Figure 8. The image was
taken on an inverted microscope and mirrored along the Y-axis for comparison to the confocal
thickness map.
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Figure 10.
Confocal image showing mechanically disturbed tissue with thresholding at 125μm. Black
regions indicate tissue sections with a thickness below 125 μm. This processed image is
provided to demonstrate the ability of the confocal scanner to automatically identify
inhomogeneous or thin tissue regions.
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