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Abstract Bone is a mineralized connective tissue that is
continuously and microstructurally remodeled. Altered
bone formation and microstructure arise in pathological
bone conditions such as osteoporosis, osteonecrosis, frac-
ture repair, and Paget disease of bone. A proper and
objective assessment of bone formation and microstructure
will provide insight into the understanding of bone patho-
genesis and remodeling. Here, new bone formation ex vitro
and its microstructure were evaluated in in vivo multiple
sequential polychrome-labeled samples using confocal
laser scanning microscopy (CLSM), which generated
clearer and more reliable images of thick bone sections
than conventional fluorescence microscopy (CFM).
Intriguingly, fine details of the bone microstructural fea-
tures, including the mineralization fronts, quiescent versus
active osteons, and Volkmann’s channel, were elucidated
using CLSM, which defines the relationship between
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morphological changes and function, when combined with
differential interference contrast microscopy. Furthermore,
CLSM provided objective evaluations of bone formation,
such as the ratio of labeled areas of new bone formation in
a rabbit model when compared with CFM. Altogether, new
bone formation and its microstructure can be evaluated
more adequately using a combination of CLSM and DIC
microscopies.

Keywords Confocal laser scanning microscopy -
Fluorescence labeling - Differential interference
contrast microscope - New bone formation -
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Introduction

Bone is a mineralized connective tissue that contains cor-
tical and trabecular components and is continuously and
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microstructurally remodeled under physiological condi-
tions. Abnormal bone formation and microstructure arise in
pathological bone diseases. A more precise progressive
evaluation of bone formation and microstructure will
facilitate the diagnosis and treatment of bone diseases.

The mineralization front of bony ossification surfaces
in new bone formation is commonly labeled using tetra-
cycline and other fluorescent agents. The bone apposition
rate in new bone formation can be calculated when
polychrome sequential labeling is employed by in vivo
administration of fluorescent agents, either orally or
intravenously [1-4]. Relatively large histological thick
sections of 100-300 pm are prepared from nondecalcified
bone embedded in methylmethacrylate and/or a series of
thin sections (8-20 pum), which requires a special heavy-
duty microtome for preparation in conjunction with the
process of evaluation of the specimens, is time-consuming
[5-7], and is technically inevitably needed for achieving
quality images to visualize the fluorescent labeling under
the conventional florescent microscope (CFM) for ana-
lysis without partial volume effect (PVE); i.e., images are
hampered by the loss or underestimation of apparent
activity in small objects/regions from the finite spatial
resolution of imaging systems where detected photons
originating at locations within the tissue are blurred into
surrounding locations in close proximity during data
acquisition [8, 9].

Confocal laser scanning microscopy (CLSM) is a tech-
nique for obtaining high-resolution optical images through
a process of controlled optical sectioning with highly
limited depth of focus by selection, only one depth level at
a time and, assisted with a computer, point by point to
reconstruct 3D images of topologically complex objects
with nonsuperimposed interior images at multiple depths
over conventional microscopy, which visualizes as the light
penetrates [10]. CLSM enables the 3D assessment of the
cell-matrix information layer by layer in a noninvasive
manner for thick tissue samples without mechanical sec-
tioning [11, 12]. Sequential images were obtained from rat
samples of transforming growth factor-B implant for pro-
moting new bone formation in the cranium and iliac bone
and used to calculate the rate of bone formation [12].
Comparisons of sections of unstained fresh samples and
hematoxylin and eosin—stained sections were made
between CFM and CLSM [13].

A study using CLSM on the mineralization of articular
cartilage in racehorses simultaneously detected two
important parameters with high repetitiveness: the linear
growth rate and fluorescence density [14]. Bisphosphonates
and related drugs, such as risedronate and its lower-affinity
analogues deoxyrisedronate and 3-(3-pyridyl)-2-hydroxy-
2-phosphonopropanoic acid, bind to calcium with different
affinities for bone mineral at resorbing surfaces and

forming surfaces, which differs from that observed at
quiescent surfaces. The distribution of fluorescently labeled
calcium binders of various affinities were detected,
revealing the effects of their bone mineral affinity within
the skeleton [15]. Moreover, pulsed with calcein, alizarin
complexone, and tetracycline, bone formation around
hydroxyapatite implants in normal and diabetes mellitus
(DM) animals at various times after implantation was
scanned with CLSM and showed different patterns in the
normal group versus the DM group [16]. Using dual
staining of fluorescent calcein and alizarin red at different
times, temporal patterns of bone formation were accurately
assessed by CLSM in undecalcified thick sections with
titanium implants left in situ and profiled the bone first
formed as thin processes toward and across the implant
surface, followed by further development with a space in
the bone—implant interface [17]. Overlapped with high-
resolution imaging of surfaces with compositional infor-
mation acquired by back-scattered electron detector (BSE)
combined with scanning electron microscopy, CLSM
scanning filled the gap of cells and osteoid left by BSE to
rebuild the cellular localization in bone samples embedded
in polymethylmethacrylate [18].

CLSM was used quantitatively in single-molecule
imaging based on fluorescence intensity distribution for
statistical analysis of molecular occurrence in different
forms, including DNA and proteins in solution [19]. CLSM
was also used for subcellular analysis in fungi [20], for
host—fungus interactions and spatial patterns of coloniza-
tion, and for obtaining sharp images of fungi within a host
or colonizing highly contoured or rugged surfaces [21].
Fluorescence of a visible-wavelength Ca®*-sensitive fluo-
rophore in isolated cardiac myocytes was visualized using
CLSM as a measurement of intracellular calcium changes
occurring in spontaneously active cardiac cells [22].

We used 3D structural imaging and quantitative char-
acterization in thick tissue based on CSLM and derivative
techniques in quantitative imaging of biomolecular locali-
zation and trafficking in live cells [23]. Fluorescent signals
in cartilage of cryostat sections of mouse articular cartilage
were quantified by localizing and quantifying insulin-like
growth factor-1 (IGF-I) receptor expression in situ using
CLSM to analyze its distribution patterns in chondrocytes
[24], which was further applied in quantitative analysis of
in situ localization patterns of the IGF-I receptor in a
normal or arthritic intact patellae murine model [25]. These
results showed the powerful capability of CLSM in eluci-
dating the cellular structure and function of bone tissues.
When CLSM is linked to differential interference contrast
(DIC), it is technically possible to obtain clear fluorescently
labeled images with the assistance of transmitted light for
an accurate localization of the fluorescent dye on the bone
surface.
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In this study, new bone formation and bone micro-
structure, including mineralization fronts, quiescent vs.
active osteons, and Volkmann’s channel, in thick bone
samples were assayed using DIC combined with CLSM to
generate fluorescent images of high resolution that could be
used to quantitatively assess the progressive mineral
deposition of bone growth.

Materials and Methods
Polychrome Sequential Labeling of Bone In Vivo

The fluorescent agents calcein green (excitation 488 nm)
and xylenol orange (excitation 453 nm) (Sigma, St. Louis,
MO) were prepared in phosphate buffer (pH 7.2), steril-
ized, and filtered for in vivo injection at a dose of 10 mg/kg
and 90 mg/kg, respectively.

Four adult female Chinese goats, 26 & 3.2 kg, were
injected with fluorescent dyes intravenously once every
2 weeks four times prior to sample collection, with an
injection sequence of calcein green — xylenol orange —
calcein green — xylenol orange [26]. Longitudinal sec-
tions of tibia were prepared to observe the effects of
multiple fluorescent labeling in images acquired by CLSM.
Transected samples were also prepared to investigate the
relation between bone surface structure and bone mineral
deposition labeled with fluorescence using DIC.

A partial patellectomy model in rabbits was employed as
previously described [27] to assess bone formation using
CFM and CLSM. Four 18-week-old adult female New
Zealand rabbits, 3.5 £ 0.5 kg body weight, were anesthe-
tized using 10 % ketamine (0.5 mL/kg) i.m. and 2.5 mL
2.5 % phenobarbitone sodium 1i.v.; then, the distal one-
third of woven bone was transversely sectioned and
removed, and two 0.8-mm pores were perforated vertically
to the proximal end of residual woven bone. The patellar
ligament was directly stitched onto the proximal woven
bone with a nonabsorbable suture, which was protected
with no. 8 steel thread, and fixed in position using gypsum
for 6 weeks with the position of the knee joint at 90°
flexion. The operation sites were given low-intensity
pulsed ultrasound (LIPUS) treatment at day 3 after the
operation using the physical parameters as detailed previ-
ously [27-29], to enhance bone healing up to the twelfth
week after operation. Following the surgery, the animals
received calcein green and xylenol orange s.c. once every
2 weeks and were killed 3 days after the last injection;
woven bones were longitudinally sectioned for evaluation
of the optical density of mineralized areas and quantitation
of new bone formation rate. For animal ethics, approval
was obtained from The Fourth Affiliated Hospital, Jinan
University School of Medicine, prior to the experiments.
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Sample Preparations

All samples were fixed in 10 % neutral formalin solution,
dehydrated in a graded series of ethanol, and embedded in
methylmethacrylate. Bone specimens were sectioned using
a saw microtome (SP1600; Leica, Solms, Germany) at a
thickness of 400 pm for goat samples and 300 pum for
rabbit samples according to our established protocol [30].

CFM

Fluorescent images were obtained using a fluorescent
microscope (Axiovert 200 M; Zeiss, Gottingen, Germany)
equipped with a high-voltage mercury lamp, a green
broadband filter disk (#9, Zeiss), and a red broadband filter
disk (#15, Zeiss). The overall histological structure of bone
tissues was viewed under low magnification (1.25x), and
the fluorescence-labeled line of calcification fronts was
observed under high magnification (40x) using the Digital
Color charge coupled device and Digital Video (Camera
AxioCam MRc Rev. 2, 1,388 x 1,040; Zeiss). The tissue
structure was displayed and evaluated using the Micro-
scopic Image Analysis System (AxioVision Rel. 4.5 Soft-
ware, Zeiss).

CLSM

Images were acquired using the multi-tracking scan (MTS)
mode and MTS with transmitted light mode (Zeiss LSM
510 META system) with excitation wavelengths of 488 and
453 nm for calcein green and xylenol orange, respectively,
and emission wavelengths of 520 and 615 nm for calcein
green and xylenol orange, respectively, as previously
described [5].

In MTS mode, single-layer images were acquired using
dual fluorescent tracks of green for calcein green and red
for xylenol orange and analyzed using the conventional
histomorphometric method of bone remodeling or apposi-
tion rate, which measures the distance between two fluo-
rescent labels generated by timed injection and divided by
the number of days between injections to give the rise of an
average growth rate, i.e., distance (micrometers)/days [1, 2,
31], and the estimation of new bone formation, in which
region of interest (ROI) was selected using the image
analysis software for quantifying two different fluorescent
dyes by calculating mean fluorescence-labeled areas for
calcein green and xylenol orange as the reported index of
new bone formation rate [27]. New bone formation in
repairs was estimated by comparisons of the areas
(micrometers x micrometers) of red and green fluores-
cence labels in the ROI obtained using the image analysis
software (LSM 510 Release Version 4.0 SP2; Zeiss), in
which the fluorescent dyes were quantified in pixels as
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mean intensity with a standard derivation and converted
into areas, to those in the control group so that the back-
ground noises were eliminated. The ratio of the mean
fluorescence labeled area by calcein green over the mean
area labeled by xylenol orange was used as the bone for-
mation rate in the new bone region of patellectomy repair
in this study.

Thick samples were optically sectioned in the ROI to
obtain 131 continuous images of 225 pm (x) x 225 pm
(») x 0.51 um (z), and those images were sequentially
overlapped along the z-axis with a suggested optimal
interval of 0.5 to form a stack of 225 pm (x) x 225 pm
(y) x 65.99 um (z) in CLSM using a laser pointing beam
with no damages to the block, which allowed real 3D
reconstruction (as detailed in the Zeiss Operating Manual,
Zeiss). Images were manipulated and viewed using the
CLSM image analysis software Physiology/Timeseries for
Release 4.0.

Statistical Analysis

One-way ANOVA in the SPSS13.0 software package was
adopted to perform the statistical analyses of digitized
quantitative data.

Results

Comparative Imaging Analysis of Bone Formation
by CFM and CLSM

Comparison of fluorescent dye signals in images of thick
sections of goat tibial bone that received four sequential
injections of calcein green — xylenol orange — calcein
green — xylenol orange showed clear differences between
CFM and CLSM. In the image acquired by CFM with
>100 x magnification, an indistinct connection of fluo-
rescent labels accompanied by intercrossing and interfering
signals was observed above and below the focal plane of
the labeled bands in a typical section (Fig. 1a), which gave
blurry labeling lines of the calcification front. In the same
ROI, sharp labeling lines from the four distinct dye bands
showed no interference in the image acquired by CLSM
(Fig. 1b), indicating that the imaging quality of fluores-
cently labeled thick bone sections generated by CLSM was
much higher than that by CFM.

The CLSM optical scanning with a thickness of 0.51 pm
was adjusted along the longitudinal section of goat tibial
bone at a depth of 65.99 um to obtain images with the
required signal brightness of fluorescent labels [32]. The
bone tissue block was scanned by CLSM in an ROI of
225 pm (x) x 225 pm (y) from the surface layer to the
deep layer to generate sequential single optical microscopic

sections (Fig. 1b). The sectioning was moved longitudi-
nally (z axis) across a whole osteon with an optimal
interval of 0.5 to obtain optical section images for 3D
reconstruction showing the spatial structure of the bone
formed (Fig. 1c). The measurement of thick bone sections
represented new bone formed within the ROI of whole
samples with no limitation just to the surface layer. By
dragging a cross mark at the center of the figure to any
position on the image, the depth of calcification labels in
the sample block was shown by inserted thumbnails on the
top and side figures (Fig. 1d), which illustrated the distri-
bution of deposited calcium in the process of bone for-
mation in 3D that cannot be done by CFM.

Improved Assessment of Bone Formation by CFM
and CLSM Using a Partial Patellectomy Model
in Rabbits

The patella is a sesamoid bone embedded within a ligament
in the knee joint and maintains a quiescent state for bone
mineral apposition in adult rabbits normally, with both
ends attached to the tendon displaying fluorescent labels of
the mineral deposition as observed by CFM under low
magnification (Fig. 2a). Twelve weeks after the partial
patellectomy in the LIPUS treatment, the patella was in an
exuberant bone metabolic process, especially in new bone
forming areas where the fluorescently labeled mineral
became more obvious, indicative of increased bone
remodeling activity as visualized by CFM (Fig. 2b).
Moreover, the newly formed bone was labeled in stronger
green than the overlapped red labels (Fig. 2f-h), while the
fluorescent labeling in the old bone area displayed a regular
pattern of fewer overlapped green and red labels (Fig. 2i—k).
Substantially overlapped dual-colored labeling bands were
seen by CLSM scanning in the new bone formation
(Fig. 2h), but few locations were visible across the region
with the widest point of 20.85 um (Fig. 2c, e). The new
bone growth rate according to the traditional measurement
of distance was calculated as 20.85 pm- 14 days =
1.49 pm/days. Multiple locations of dual-colored mineral
labels with the widest point of 34.31 um (Fig. 2d, e) were
recorded in the old bone region, and its growth rate was
calculated as 34.31 um - 14 days = 2.45 pum/days, which is
higher than that of the new bone formation. There seemed to
be irregular patterns of fluorescent labeling in new bone
tissues. The new bone growth rate was obtained by com-
parison of the calcein green- and xylenol orange-labeled
areas in images acquired by CLSM with coordinate adjust-
ment of operating parameters, such as the laser power of
transmission, pinhole diameter, thickness of optical sec-
tioning, and detector gain, for conformational evaluation of
the new bone growth rate (Fig. 21). The new bone growth
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Fig. 1 Comparative analysis of polychrome sequentially labeled
images by two different microscope systems. Longitudinal section of
goat tibia with a thickness of 400 um, scale bars 50 pm. a Conven-
tional fluorescence microscope (CFM) image, with four broad and
partially overlapping labeled lines that cannot be used for a precise
quantification of bone apposition rate (measurement of the distance
between lines). b Confocal laser scanning microscope (CLSM) image.
Arrows 1—4 indicate labeled lines generated by four sequential

rate agreed with the intensity of fluorescent labels observed
by microscopy.

Improved Visualization of Bone Microstructure
by CLSM in Combination with DIC Microscopy

The MTS images of fluorescence labeling signals were
obtained by CLSM (Fig. 3a, b) and coalesced by DIC
transmitted light images to accurately localize the micro-
structure of the labeled bone matrix for fluorescence mea-
surement. The mineralization fronts of osteons were
localized in bone samples, and their relationships with bony
structures around the fluorescent labels were clearly shown
with static and active osteons visible simultaneously within
ROI (Fig. 3c). Quiescent osteons were observed with no
fluorescent signals, while active osteons were labeled with
dual fluorescence. The images were merged to show their
mineral calcification activity, notably, Volkmann’s channels

@ Springer

intravenous fluorescent dye injections of calcein green — xylenol
orange — calcein green — xylenol orange. ¢ A 3D image con-
structed by superimposing single-layer optical sections acquired in
b. d Orthogonal sectioning of b, stacks in three cut views of xy, xz,
and yz. The xz image was flipped up and the yz image was laterally
flipped on the right of the xy image, showing the mineralization
detected in three dimensions

were also visualized in compact bone and run perpendicu-
larly to the haversian canals (Fig. 3d).

Discussion

CLSM is an advanced imaging technology developed in
the 1980s and has gradually become popular in all bio-
logical and medical research fields. CLSM uses a laser as a
light source with penetration ability based on optical con-
focal technology combined with a laser scanning device
attached to the fluorescence microscope to obtain images
that are manipulated by a computer to produce higher-
quality images than CFM. The application of laser, con-
focal imaging, and pinhole prevented interference from
diffracted light and scattered light; the MTS function
ensures enough fluorescent signals, especially weak fluo-
rescent light signals, and eliminates crosstalk between
samples so that MTS scan samples with multiple labels at
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Fig. 2 Analysis of bone tissue sections using CFM and CLSM. The
rabbit patella after partial patellectomy was sagittally sectioned with a
thickness of 300 um. a, b CFM image with low magnification of
12.5x . ¢-1 CLSM images. a CFM image of a normal rabbit patella at
a glance. b CFM image of the patella 12 weeks after partial
patellectomy. OB old bone, NB new bone. Dashed line shows
original surgical cutting line of patellectomy; the region containing
typical fluorescent labeling lines selected for calculating bone
apposition rate is boxed in dashed lines. ¢ Magnified NB box in
b by CLSM showing the two clearly fluorescently labeled lines; the
distance between the lines (white bar) was measured and used for
calculation of bone apposition rate 12 weeks after patellectomy.
d Magnified OB box in b by CLSM displaying the two fluorescently
labeled lines in old bone retained from the patellectomy, from which

the same time through multiple channels, the fluorescent
signals are further processed using specific software to
filter out the effects of crosstalk. When the optical
“sections” of nondecalcified thick bone with sequential
polychromes were observed using CLSM, the laser scan-
ning microscope generated sharp images, which were able
to solve the problem of PVEs encountered when using
CFM (Fig. 1). The images by MTS were verified by

Average Growth Rate

new bone old bone (pm/d)

*%

SLabvwhUONDO=
X

Average Growth Rate (areas)
[=N=NeNoNolololol-]

newbone oldbone (um?2)

the distance (white bar) was measured for estimation of bone
formation rate. e Quantitative analysis of bone apposition rates for NB
in ¢ and OB in d, calculated from the measured distances between
labeled lines (white bars), which shows no significant difference
statistically (p > 0.05). f~h CLSM images of NB 12 weeks after
patellectomy. i—-k CLSM images of OB at 12 weeks postpatellectomy.
f, i CLSM images acquired using green fluorescence channel (calcein
green). g, j CLSM images acquired using red fluorescence channel
(xylenol orange). h, k Merged images. 1 Differential analysis of the
red/green ratio of labeled areas (square micrometers) from control and
patellectomy sample sections of five animals, demonstrating a highly
significant difference between new bone and old bone (**p < 0.01).
Scale bar = 200 pm

META, which is a special mode in Zeiss LSM 510 that
recognizes signals by the specific pattern of individual
wavelength for acquiring pixels, to eliminate crosstalk
between fluorescent signals. Although section thickness of
<10 pm was previously reported for sharp images by CFM
[33], sectioning of bone tissues is difficult without decal-
cification. Bone quantification studies by CFM require
sections of >10 pm using a specific heavy-duty microtome

@ Springer
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Fig. 3 Fluorescent images acquired by CLSM plus DIC scanning.
Crosscutting section of goat tibia with a thickness of 400 um in thick
bone with a scale of 50 um. a Image acquired by green fluorescence
channel. b Image acquired by red fluorescence channel. ¢ Image
acquired by DIC channel. d Merged image of three-channel CLSM
images (green and red fluorescence +DIC) of a, b, and ¢. Merged
image shows two calcified fluorescent labels from different times
(green and red) plus DIC (gray). The weak red color from the second
calcein labeling still existed and merged into the first green labeling,

for clear images, and the thin sections are easily broken;
and it is difficult to prepare enough sequential sections at
this thickness range for nondecalcified bone tissue sections.

CLSM overcomes these difficulties by using thick sec-
tions. For bone samples with polychrome sequential
labeling, the section thickness scanned by CLSM can be
readily adjusted and is more advantageous than CFM,
including, as it does, a wider selection of wavelength
ranges, high sensitivity, high discriminability, strong con-
trast, and sharp imaging. Upper and lateral specific ROIs
were observed simultaneously, and the depth of the labeled
mineralization in a sample layer was shown (Fig. 1d, e).
These 3D structures were not readily visualized using
CFM. Collectively, CLSM displays superior imaging
quality of fluorescent-labeled bone sections and provides
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combined into a yellowish color with various intensities depending
upon the ratio of the two colors at developmental stages of those
osteons. Arrow [ indicates quiescent osteons in comparison to the
fluorescently labeled active osteons; arrow 2 points out the
Volkmann’s channels. e A diagrammatic illustration of the anatomical
processing of bone specimens. f Mean of total osteon numbers versus
mean of the active osteon numbers shown on 10 images (views) from
five animals at 20x magnification labeled with fluorescent dyes and
acquired by CLSM combined with DIC

an option for 3D imaging reconstruction. To date, CLSM
obtains fluorescently labeled images with a range of
wavelengths simultaneously at high sensitivity to distin-
guish labels with narrow wavelength differences [34, 35].

Normal osteoblasts secrete osteoid that will be miner-
alized layer by layer with collagen fiber forming pore-like
structures aligning parallel to the mineral lamella of
7-10 pm for calcium hydroxyapatite precipitation and
crystallization in about 10 days under physiological con-
ditions [11]. Due to the mineralization lag phenomenon,
there is a band of osteoid that is formed between the
mineralized bone surface and osteoblasts. In vivo, tetra-
cycline and other florescent dyes will be deposited in the
mineralization front of the ossification surface, the new
bone formation being then labeled in experimental animals
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treated orally and intravenously with fluorescent labeling
agents several times [11]. Calcein green and xylenol orange
can specifically bind to calcium deposited on the miner-
alization front and show bright green and red fluorescent
colors under a fluorescence microscope, respectively.

The fluorescently labeled area is related to the amount of
combined calcium. Measurement of morphologic compo-
nents includes direct measurement of static variables and
kinetic variables usually generated by fluorescent labels
applied at timed intervals and integrated into the forming
bones. The distance between different labels reflects the
rate of bone formation, and those in vivo traces generated
by bone remodeling permit dynamic detection and esti-
mation of rates of remodeling activity and active osteons
[1]. Mineralization fronts within lamellae of the active
osteons in cortical bone were visualized in thin sections by
CFM, and their apposition rate was presented as the dis-
tance between the fluorescent bands over the number of
days after in vivo injection of polychrome fluorescence
dyes and further used for the estimation of new bone for-
mation rate in intact bones [1, 31]. CLSM observations
(Fig. 2c—e) in this study suggest that the conventional bone
mineral apposition rate calculated by measuring the dis-
tance between two parallel labeling bands can be more
precisely defined without PVE when compared with CFM
in intact bone. However, the bone mineral apposition rate
by distance measurement in healing bones was even slower
than that for intact or old bone, suggesting a limitation in
its application in studying healing bone mineral apposition.
This finding was also consistent with other observations by
CFM where the new bone formation rate was found to be
far higher than that of the remodeling shown in old bones
in our previous study [27]. There were no significant dif-
ferences in bone apposition rate detected during the bone
repairing of sesamoid bone as compared to normal bone
formation by the CFM-based measurement (Fig. 2e). In
fact, the new bone formed around the residual proximal
patella after partial patellectomy showed no regular bone
plate structure and typical mineralization fronts by CLSM
(Fig. 2f-h). The new bone growth after surgery and frac-
ture repair is rapid in overlapped reticular formats, showing
blurred images under CFM (no effect of signal crosstalk),
which is different from the normal bone development and
cannot form clearly separated decalcification bands. The
conventional distance measurement approach is not appli-
cable for evaluation of new bone formation and its
remodeling in healing bones, e.g., in fracture repair where
it undergoes rapid osteogenesis or new bone formation with
irregular mineral deposition and integration of disorga-
nized collagen fibers as shown in the partial patellectomy
rabbit model of this study.

Images of fluorescent labels in the field of newly formed
bone were acquired by CFM individually using filters in

thin sections. Fluorescent signals were quantified and
interpreted as ratio of labeled areas with xylenol orange
and calcein green to study the dynamics of osteogenesis
and its remodeling [6]. The quantification and calculation
of labeled areas in images obtained using CLSM easily
were more accurate on an optical section of thick tissues.
Eventually, significant differences in labeled areas of cal-
cein green and xylenol orange were detected (Fig. 21)
between the new bone and the old bone. Altogether, the
ratio of labeled areas calculated by CLSM recorded dif-
ferential outcomes on progressive new bone formation
during repair of sesamoid bone as compared to normal
bone formation, which is not readily appreciated by CFM-
based technique. CLSM allows one to define the fluores-
cent labels in the lamellar diffusion type and linear margin
during new bone formation. The results of this work sug-
gest that fluorescence intensity measurements as mean
areas using CLSM is a better option to conventional dis-
tance measurement and the area ratio calculation for
analyses of new bone formation in repair.

DIC technology was originally used to observe the
structure of histological sections without staining by the
supplementation of a pair of polar elements and a Woll-
aston glass prism in the phase-contrast microscope to
increase the contrast of interface characteristics of speci-
mens [11, 36]. The related data of the fluorescence image
and the DIC image can be obtained in the same procedure,
and the overlapped images are accurately distinguished by
their repeatable confocal measurements [37]. Densities of
bone samples can be precisely detected using X-ray and CT
scanning, but those methods are not suitable for demon-
strating the activeness of bone cells at a given developing
stage. Investigations on thick nondecalcified bone samples
were rarely reported previously. Calcification in vivo is a
dynamic process; the number and density of labeled bands
represent the levels of calcification at a particular time,
which makes labels and density different even in the same
sample with no labels for quiescent osteons at a particular
developmental stage (Fig. 3). This study used the CLSM
technique combined with DIC to localize the mineralized
bone matrix labeled with multiple fluorescent dyes. In
particular, introduction of the DIC technique to the study of
the dynamics of osteons enables the precise localization of
the mineralized front with polychrome sequential labeling
in thick nondecalcified bone sections; this not only local-
ized the calcified labels but also revealed the relations
between morphology and function according to the
activeness of osteons. The beginning and the stages of new
bone formation can be determined by color integrations.
Application of the fluorescent labeling technique combined
with DIC in this report ascertains a combined microscopic
interpretation for research of bone development, which is
instructively significant for thick bone samples compared
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to samples of conventional cell cultures. Further develop-
ment of CLSM and the DIC technique might provide a new
image-processing protocol for the study of bone mineral
metabolism and healing in calcified tissue research.

In summary, new bone formation and bone micro-
structure, including the mineralization fronts, were inves-
tigated by CLSM, which showed an advantage in
adjustments of operating parameters, thickness of optical
sections, and automatic image acquisition and analysis.
Polychrome sequential fluorescence quantification is more
accurate with higher repetitiveness than CFM and area
ratios of sequential fluorescent labels in new bone forma-
tion by CLSM in healing bone was calculated as new bone
growth rate, a better estimation of bone growth in repair.
CLSM combined with DIC further generated sequentially
fluorescent images showing mineral apposition with details
of microstructure, including osteons and Volkmann’s
channel. The presence or absence of fluorescent labels in
osteons reflects their activeness during bone formation and
remodeling, which renders a new imaging process for the
study of bone mineral metabolism and fracture healing.
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