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A Blind Spot in Confocal Reflection Microscopy: The Dependence of Fiber
Brightness on Fiber Orientation in Imaging Biopolymer Networks
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ABSTRACT We investigate the dependence of fiber brightness on three-dimensional fiber orientation when imaging
biopolymer networks with confocal reflection microscopy (CRM) and confocal fluorescence microscopy (CFM). We compare
image data of fluorescently labeled type I collagen networks concurrently acquired using each imaging modality. For CRM, fiber
brightness decreases for more vertically oriented fibers, leaving fibers above ~50� from the imaging plane entirely undetected. As
a result, the three-dimensional network structure appears aligned with the imaging plane. In contrast, CFM data exhibit little vari-
ation of fiber brightness with fiber angle, thus revealing an isotropic collagen network. Consequently, we find that CFM detects
almost twice as many fibers as are visible with CRM, thereby yielding more complete structural information for three-dimensional
fiber networks. We offer a simple explanation that predicts the detected fiber brightness as a function of fiber orientation in CRM.
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Collagen is a ubiquitous protein in mammals that forms the

primary component of connective tissue in the interstitial space

between cells. The majority of collagen is type I and, therefore,

reconstituted collagen type I gels often serve as a model envi-

ronment for in vitro cell experiments in fields ranging from

cancer research to tissue engineering. On the length scale of

a cell, collagen type I appears as a branched network of fibers,

each of which can be resolved with confocal microscopy al-

lowing both the network and individual cells to be imaged

(1). This enables the effects of cell migration, cell contraction,

and force exertion to be directly visualized (1–3). However, to

understand how cell-matrix interaction depends on the local

environment, it is crucial to image the exact three-dimensional

fiber environment of the cell (1–3). The commonly used and

well-accepted technique for imaging collagen networks is

confocal reflection microscopy (CRM) (1–3), which uses

back-scattered light to form an image (4,5). This method has

been used to obtain quantitative information about the

morphology of collagen networks, such as mesh size, location,

and orientation of the fibers (1,3–11). Some of these studies

report surprising structural properties of reconstituted in vitro

collagen networks; perhaps most surprising is that the gels

are anisotropic and composed of fibers primarily aligned

with the imaging plane (3,4,6). This behavior may arise from

intrinsic properties of the sample. Alternatively, it is possible

that it results from the imaging method itself. To determine

the origin of this effect, it is essential to use an alternative

imaging modality to independently examine the structure of

collagen networks. One possible technique is confocal fluores-

cence microscopy (CFM), which uses laser light to excite flu-

orophores in an imaging sample and forms an image from the

emitted light. Many other biopolymers are often fluorescently
tagged and imaged with CFM (12). However, it is rarely

applied to collagen and has never been used to study the

detailed fiber structure of type I networks.

In this letter, we evaluate CFM for imaging three-dimen-

sional collagen networks. We simultaneously collect data

using CRM and CFM on fluorescently labeled reconstituted

collagen type I networks and analyze the average orientations

of detected fibers as well as their relative individual bright-

ness. We find that fiber brightness decreases in CRM with

increasing fiber angle, leaving fibers that are above an angle

of ~50� from the imaging plane entirely undetected. Thus,

the collagen structure appears aligned with the imaging plane.

In contrast, CFM detects fibers with similar brightness, inde-

pendent of their orientation, thereby exposing almost twice as

many fibers and revealing an isotropic network. Comparing

the two imaging modalities, we find CFM yields a more

complete representation of the network structure. We also

offer a simple explanation that accurately predicts the detected

fiber brightness as a function of fiber orientation in CRM.

We reconstitute collagen gels (0.4 mg/mL) from a 1:10

mixture of TAMRA-labeled collagen and unlabeled collagen

in square borosilicate capillary tubes. We collect stacks of

optical image sections with a model No. SP5 confocal micro-

scope (63�/NA1.2 water immersion objective; Leica, Solms,

Germany) using reflection and fluorescence confocal micros-

copy, concurrently. We generate three-dimensional data sets

and analyze these with two different approaches: First, we
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apply a grayscale moments analysis to quantify the average

alignment of objects throughout the sample. Second, we quan-

tify the origin of anisotropy by measuring individual fiber

brightness for varying three-dimensional fiber orientations.

The difference between CFM and CRM can be qualitatively

illustrated by examining typical confocal images (x-y planes).

The fluorescent images show small regions of high intensity

(Fig. 1 B, red circles) that are not present in the reflection images

(Fig. 1 A, Movie S1 in the Supporting Material). These regions

occur when the imaging plane bisects vertically oriented fibers.

A maximum intensity projection of planes oriented perpendic-

ular to the focal plane (x-z planes) for CFM shows a large

number of fibers with no preferential direction (Fig. 1 E). In

contrast, the same region imaged using CRM shows only a frac-

tion of the fibers present; in particular, only the subset of fibers

aligned with the (horizontal) imaging plane (Fig. 1 D). This

indicates that CFM detects a more complete network structure,

whereas CRM only detects an aligned subset.

To quantify the degree of alignment in the data sets, we

characterize the average three-dimensional orientations of

the detected fibers from both CRM and CFM using a grayscale

moments analysis of the raw data. The principal axis of the

second moment of the intensity distribution is calculated on

small boxes covering the data set. This yields a histogram

of orientations of all objects throughout the sample. We char-

acterize the alignment using the azimuthal angle 4 defined

within the imaging plane (x-y plane) and the polar angle q

defined with respect to the perpendicular axis (z axis). The

area of a surface element for a unit sphere is sinqdqd4;

therefore, an isotropic network will show a sine distribution

for q-values and a uniform distribution for 4-values. We

find the distribution of 4 using both imaging modalities to

be flat, indicating that the fibers appear isotropic within the

focal plane (Fig. 2 inset, open symbols). In contrast, the corre-
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FIGURE 1 The same area of a collagen network is simulta-

neously imaged using CRM and CFM. (A) A typical confocal image

from CRM. (B) The corresponding image as determined by CFM.

The red circles indicate some fibers present in the fluorescence

data that do not appear in the reflection image. (C) An overlay of

panels A (green) and B (red). (D) A projection of 50 x,z slices along

the y axis using CRM image data. (E) Equivalent projection of CFM

data illustrating the abundance of fibers in the z direction. (F) An

overlay of panels D (green) and E (red). Scale bar: 10 mm.
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sponding q distributions show stark discrepancies. Whereas

the fluorescence data follows the sine distribution expected

for an isotropic network (Fig. 2, open triangles and light-
shaded line), the reflection data deviate strongly from this

expectation (Fig. 2, open circles). The CRM results suggest

that the network is anisotropic.

To unambiguously assess whether the apparent anisotropy

seen in CRM is an imaging artifact and not an intrinsic

sample property, we rotate the sample by 90�. For both

imaging modalities, the data from the rotated case closely

match those of the original sample before reorientation

(Fig. 2, solid symbols). Because the anisotropy in the CRM

data does not similarly rotate, the apparent alignment must

arise from a bias in the CRM imaging technique itself.

To determine the origin of the anisotropy, we quantify indi-

vidual fiber brightness as a function of its orientation. We

identify individual fibers, their orientations, and their corre-

sponding intensities using both imaging techniques. A careful

examination by eye reveals that whenever a fiber is present in

CRM it is also detected in CFM; in contrast, not all fibers seen

with CFM are visible with CRM (Fig. 1, A–F, Movie S1).

Therefore, we use the CFM data to find a central line through

each fiber and build a three-dimensional line representation of

the network structure (13). We find a median intensity for each

fiber from both CFM and CRM data by evaluating the inten-

sity values of the corresponding raw data at the positions

given by the line representation segments. In the CRM case,

we find fibers parallel to the imaging plane have the highest

intensity with a decrease to background levels for q smaller

than ~40� (Fig. 3, circles). This shows that below a certain

angle, entire fibers are not seen using CRM. In contrast, fiber

intensities in CFM only show a slight increase as q approaches

0 (Fig. 3, triangles). We attribute this slight increase to the

anisotropic imaging volume of the confocal system; thus,

for more vertically oriented fibers, a larger number of fluoro-

phores contributes to the detected intensity. As a result, for an

isotropic three-dimensional network, CFM will detect almost
FIGURE 2 Relative frequency of the moment angle q for CFM

data (triangles) and CRM data (circles) in both rotated (solid)

and nonrotated (open) samples. (Light-shaded line) Sine distri-

bution expected for an isotropic sample. A q-value of p/2 corre-

sponds to a fiber oriented in the imaging plane. The inset shows

the corresponding 4 distributions.



FIGURE 3 The background-corrected, normalized intensity of

individual fibers as a function of their q-angle for CFM (triangles)

and CRM (circles) in both the rotated (open) and nonrotated

(solid) cases. The shaded line shows the expected values from

theory, using the measured laser light intensity profile. Error

bars correspond to the standard error of the mean.
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twice as many fibers as CRM, revealing much more complete

structural information.

To account for the decrease in intensity as a function of fiber

angle in CRM, we treat a fiber as a flat reflective plane tilted

about an angle q from the axis perpendicular to the imaging

plane. This plane is illuminated by an upright cone of focused

laser light; the reflected light forms another cone with the same

opening angle as the incoming light cone, but oriented toward

the direction of 2q (see Fig. S1). The light that is collected by

the confocal system is determined by the numerical aperture

of the objective and the refractive index of the immersion

medium. By accounting for the spatial intensity distribution

of the excitation light, we can predict the relative amount of

light collected for a given fiber angle; we calculate the inter-

section between the cone of deflected light and the detectable

volume. The results of this analysis, using the known numer-

ical aperture of the objective and the measured intensity

profile (see Supporting Material) of the excitation laser, are

shown in Fig. 3 (light-shaded line). The prediction shows

excellent agreement with the measured intensity values.

Previous investigations of the three-dimensional orienta-

tion of collagen fibers imaged using CRM show an apparent

fiber alignment consistent with our observations (3,4,6).

Our CRM results also suggest that measurements of the shape

and size of the pores may be biased toward larger fiber spacing

due to the missing fibers in the images. This will also affect

measurements of the mesh size, including those obtained

from two-dimensional images. In fact, measurements of

pore size that compare CRM images with diffusion measure-

ments of probe particles suggest that the CRM images overes-

timate pore size (3,7,8). Finally, our explanation for the loss of

fiber brightness in CRM is not limited to collagen networks;

it also predicts a similar loss of vertical fibers in other

biopolymer networks. Some previous studies on fibrin have

coated the fibers with 5-nm gold particles before imaging

with CRM (14). This intriguing label might enhance the

reflective properties of the sample making CRM more accu-
rate; however, further investigations are necessary to confirm

this. Our findings suggest measurements obtained with CRM

must be reviewed with care. During this process, our simple

explanation may be useful in developing tools to reverse, or

at least account for, the apparent anisotropy seen in CRM data.

SUPPORTING MATERIAL

One figure and one movie are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(09)01631-2.
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