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Analysis of new bone, cartilage, and fibrosis tissue in healing

murine allografts using whole slide imaging and a new
automated histomorphometric algorithm

Longze Zhang, Martin Chang, Christopher A Beck, Edward M Schwarz and Brendan F Boyce

Histomorphometric analysis of histologic sections of normal and diseased bone samples, such as healing
allografts and fractures, is widely used in bone research. However, the utility of traditional semi-automated
methods is limited because they are labor-intensive and can have high interobserver variability depending
upon the parameters being assessed, and primary data cannot be re-analyzed automatically. Automated
histomorphometry has long been recognized as a solution for these issues, and recently has become more
feasible with the development of digital whole slide imaging and computerized image analysis systems that
can interact with digital slides. Here, we describe the development and validation of an automated application
(algorithm) using Visiopharm’s image analysis system to quantify newly formed bone, cartilage, and fibrous
tissue in healing murine femoral allografts in high-quality digital images of H&E/alcian blue-stained
decalcified histologic sections. To validate this algorithm, we compared the results obtained independently
using OsteoMeasure ™ and Visiopharm image analysis systems. The intraclass correlation coefficient between
Visiopharm and OsteoMeasure was very close to one for all tissue elements tested, indicating nearly perfect

reproducibility across methods. This new algorithm represents an accurate and labor-efficient method to
quantify bone, cartilage, and fibrous tissue in healing mouse allografts.
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INTRODUCTION
Accurate quantification of the histologic appearances of
fissue sections is an important end-point of many biological
research studies and typically involves histomorphometric
analysis of large numbers of histology slides. Semi-auto-
mated histomorphometric image analysis systems have
been developed since the advent of readily available desk-
top computers in the 1970s when bone biopsy and bone
histomorphometry became established research and clin-
ical methods. These include the OsteoMeasure and
Bioquonf® image analysis systems, which are used widely
in the musculoskeletal field'™ and have largely replaced
the use of point counting and line intersect measurement
with a microscope eyepiece grid, which was the gold stand-
ard against which semi-quantitative methodologies were
compared.*&1!

OsteoMeasure (OsteoMetrics, Atlanta, GA, USA)'~2 and
Bioquant>™ are two well-established computer-assisted,
semi-automated image analysis systems used routinely

for bone histomorphometry. Both systems use a camera
mounted on a microscope fo transfer images of fields of
interest in slides to a computer monitor. An electronic
drawing pad and an aftached mouse or pen is used to
trace the surface profiles of the various elementsin the field
of view. The various components of the surfaces (e.g.,
those covered by osteoblasts, osteoclasts, or bone lining
cells) can be assigned sequentially as each individual tra-
becula or area of cartilage is fraced one by one until all
elements of the image have been drawn. Quanfitative
data of each surface element of the tissue are generated
automatically along with the total area of these elements.
The tracings and data are saved and can be viewed later,
but the fracings cannot be modified to correct any inter-
pretative or other errors. Although OsteoMeasure and
Bioquant can provide very accurate data, the technique
is fime-consuming and labor-intfensive and requires good
hand-eye coordination and concenfration during the
acquisition of data.
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Despite the obvious advantages of semi-automated
image analysis systems, they remain limited by theirinability
to allow automated reanalysis of primary data and their
time-consuming nature. The combination of a logarithmic
increase in computer processing power, the availability of
high-quality digital cameras, and the ability fo make fully
digitized images of histologic slides using whole slide
imaging systems has made it possible to get closer to fully
automated image analysis.'>'* Here we describe the
development and validation of an Olympus VS-120 digital
whole slide imaging system and Visiopharm's computer-
based image analysis system to make an automated histo-
morphometric analysis algorithm of the key elements of
healing murine femoral allographs after minimal inifial
manipulation of the digital images.

MATERIALS AND METHODS

Histology and histomorphometry methods

Femora from mice with healing allografts were fixed in 10%
phosphate-buffered formalin, decalcified in 10% EDTA,
and processed through paraffin, as described prev-
iously.'>™'? Briefly, the slides were treated at room temper-
ature in the following order with (i) 1% acid alcohol (1%
hydrochloric acid made in 70% ethyl alcohol) for 30 s; {ii)
Alcian blue/hematoxylin solution (0.5% hematoxylin, 5%
aluminum ammonium sulfate, 0.05% sodium iodate, 0.5%
Alcian blue, 50% glycerol, 0.02% glacial acetic acid) for 30
min; (i) distiled water (washing 1 time); (iv) 1% acid alco-
hol for 2-3 s; (v) distilled water (washing 1 time); (vi) 0.5%
ammonium water for 15 s; (vii) distiled water (washing 1
time); (viii) 95% alcohol for 1 min; (ix) eosin—orange G (1.2%
eosin in 90% alcohol plus 1% phloxine B and 2% orange G)
for 1 min 305s; (x) 5% alcohol for 3 min; and the slides were
mounted with Permount (VWR Scientific, South Plainfield,
NJ, USA).'®2° Cartilage stains blue, bone orange-red, mus-
cle red, bone marrow and matrix-synthesizing osteoblasts
lilac, and new fibrous tissue orange-red.

The same slides were analyzed using fwo methods:
OsteoMeasure and Visiopharm image analysis systems. A
Zeiss Axioskop 40 microscope was used, and images of
slides were transferred from the microscope to a computer
using a video camera for assessment using OsteoMeasure.
For Visiopharm assessment, the glass slides were con-
verted to virtual slides (digital files) with an Olympus VS-
120 whole slide scanner and these were analyzed with a
Visiopharm Algorithm (proftocol) developed by Longze
Zhang, the first author of this paper, by using the
Visiopharm Image Analytical System (Version: 5.0.3.1309).
We used the same sections from a group of five control
samples used in a previous study in which five samples
were shown fo be sufficient to achieve statistically signifi-
cant differences for comparisons between allograft and
autograft and when we used pharmacologic intervention
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to try to improve healing.' The analyses were repeated
and carried out in a blinded fashion by two users (the lead
and second authors of the paper) using OsteoMeasure
and Visiopharm, respectively. For OsteoMeasure, we tried
both manual (drawing) and automatic (thresholding)
modes. We found that the automatic mode required too
much manual correction and took longer than the man-
ual mode per slide and used the former method for our
comparison studies.

Development of the Visiopharm healing

allograft algorithm

Challenges developing the algorithm. We have used the
OsteoMeasure image analysis system in our Center for
Musculoskeletal Research (CMSR) for many years to
quantify newly formed bone, cartilage, and fibrous tissue
in murine allograft and fracture callus and in other animal
models of bone repair.®'7?'-22 However, OsteoMeasure is
labor-intensive and fime-consuming, and thus we pur-
chased a Whole Slide Imaging System and Visiopharm
software to allow us to develop algorithms/protocols that
would help us attempt to automate these and other mea-
surements. The Olympus VS120 system comprises a con-
ventional light and fluorescent motorized microscope
and a robotic device, which takes slides from one of two
slide loaders (each holds up to 50 glass slides) for high-
throughput scanning. After loading, slides are scanned
automatically in sequence, and virtual slides are created
andstoredin an attached server. The histologic features of
these digital slide files, each of which can be several giga-
bytes depending upon the area scanned and the mag-
nification, can be analyzed using the Visiopharm software.
The Visiopharm system, which provides automated, com-
prehensive color recognition, stereology-based image
analysis, and stereological tools for unbiased quantifica-
fion, has been used extensively in recent years by numer-
ous clinical, academic, and biotech/pharmaceutical
research groups.'3?42¢ The ALGORITHM authoring tools
within the program provide a range of mulfivariate classi-
fiers that can use multispectral colorinformation, as well as
spatial, morphologic, and textural features as input.

The goal of our Visiopharm Algorithm was to automate
or semi-automate analysis of features of sections stained
using a modified H&E staining method we developed for
sections containing cartilage (Figure 1, area 1), newly
formed bone (Figure 1, area 2), newly formed fibrous tissue
(Figure 1, area 3), bone marrow (Figure 1, area 4), and
newly formed osteoblastic fissue (Figure 1, area 5). We
developed this Visiopharm Algorithm on the basis of color
recognifion. In Figure 2, cartilage is consistently stained
blue atlow (Figure 2a, area 1) and at higher magnification
(Figure 2b). However, there is overlap in the red color
spectrum between bone (Figure 2a, area 2, Figure 2c)
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Figure 1. Healing murine femoral allograft. A representative virtual slide
(image) of a part of a healing murine femoral allograft generated using an
Olympus VS-120 scanner and showing areas of interest for quantifica-
tion: newly formed cartilage (area 1), newly formed bone (area 2), new
fibrous tissue (area 3), bone marrow (area 4), and new osteoblastic tissue
(area 5). H&E, orange G/ alcian blue staining; X2.5 magnification.

and fibrous tissue (Figure 2a, area 3, Figure 2d), which can
be seen clearly at higher magnification. Similarly, there is
overlap between the color of bone marrow (Figure 2a, area
4, Figure 2e), matrix-synthesizing osteoblasts (Figure 2a,
area 5, Figure 2f), and newly formed fibrous tissue
(Figure 2a, area 3). Therefore, although fibrous tissue
(Figure 2a, area 3), osteoblasts (Figure 2a, area 5), and
bone marrow (Figure 2a, area 4) comprise different cell
types, the color overlap among them makes it difficult

Figure 2. Challenges developing the algorithm. (a) Higher magnification
of part of the image in Figure 1 illustrating some overlapping of colors
among the different tissues. Area 1: New cartilage; Area 2: New bone;
Area 3: New fibrous tissue; Area 4: Bone marrow; Area 5: New osteo-
blastic tissue; X10 magnification. (b-f) Higher magnification (X2 560,
6400% zoom in with Visiopharm) pixel-level view of cartilage (area 1 in
a); bone (area 2 in a); fibrous tissue (area 3 in a); bone marrow (area 4 in a);
and osteoblastic tissue (area 5 in a), respectively.
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initially to accurately distinguish among them and to assign
separate color labels to them with the Visiopharm software.
Consequently, fibrous fissue, osteoblastic tissue, and bone
marrow labeled similarly (called cross-labeling) during the
initial automated color assignment (Figure 3a for low power
and Figure 3b, c for close-up view). Although it is possible to
perform a manual labeling modification after automated
labeling, this could be quite time-consuming if numerous
changes must be made (Figure 3a—c), and thus it might
not be an improvement over the OsteoMeasure or
Bioquant methods.

Solution for mesenchyme and bone marrow cross-label-
ing. On further experimentation, it was clear that a major
difference between new fibrous fissue and bone marrow
and new osteoblastic tissue in these healing allografts is
that, unlike these latter tissues, fibrous tissue typically is pre-
sent as larger areas. Thus, we reasoned that if we merge
these three tissues together and then define fibrous fissue
based on size, we might be able to avoid the cross-labeling
and subsequently more accurately define fibrous fissue
(Figure 2a, area 3) and distinguish it from bone marrow
(Figure 2a, area 4) and osteoblastic tissue (Figure 2a,
area 5). Meanwhile, as bone marrow and new osteoblastic

Figure 3. After primary segmentation, overlap of color spectra illustrates
mislabeling of some tissues. (a) Primary segmentation showing labeling
of tissues in a defined part a healing allograft; cartilage (blue), bone (red),
new fibrous tissue (pink), and bone marrow (also pink) and new osteo-
blastic tissue (purple) (X4). (b) A close-up view (X40) of new osteoblastic
tissue and bone marrow showing mislabeling of some of bone marrow as
fibrous tissue; (c) a close-up view (X40) of new fibrous tissue showing
mislabeling of some of it as new osteoblastic tissue. Blue is assigned to
cartilage, red to bone, purple to osteoblastic tissue, and pink to new
fibrous tissue and bone marrow.
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tissue areas typically are not quantified by researchers in
this model, no separation is needed between them. Thus,
they were assigned the same color (purple), which made
development of the algorithm easier. Based on this ration-
ale and experimentation, we developed this algorithm. We
tested it initially within a small region of interest (ROI) shown
in Figure 3 and found that most areas were labeled prop-
erly, resulting in much less mislabeling for manual correction
(Figure 4a), compared with the labeling without this algo-
rithm (shownin Figure 3a). Consequently, satisfactory label-
ing was generated affer a short period (typically ~5 min per
slide overall) of manual correction (Figure 4b).

Development and use of the algorithm. The development
of the algorithm was divided info three steps:
Step 1: color segmentation

1. Color fraining: Assign a color to a tissue by drawing
small areas over it using the mouse. As more areas of
the fissue type are sampled, the program "“learns” the
range of colors within that tissue and more accurately
assigns similarly stained areas in the ROl to that tissue
type. Finish color assignment for all tissues (Figure 5a).
Color training can be saved and used for the next
slide/image.

2.  Draw a scale defining a length “ROI Size Standard
Bar” (this standard length includes the repair tissues
along the length of the allograft and extends onto
the host bone at either end to a set distance defined
by the user) (Figure 5b).

3. Define the ROI covering the “ROI Size Standard Bar”,
to include all tissues, excluding pre-existing cortical
bone, allograft, and muscle (Figure 6a).

4. Runstep 1 by clicking on the Run button, and a prelim-
inary color segmentation is generated (Figure 6éb).

Figure 4. Tissue labeling before and after manual correction/ modifica-
tion. (a) Primary segmentation of the part of the allograft in Figure 3a
showing three areas (*) where bone marrow and new osteoblastic tissue
have been manually assigned to purple (X4). (b) The same image from
(a) where a fourth area (*) has been reassigned from new fibrous tissue to
new osteoblastic tissue/bone marrow to complete the manual manip-
ulation before final quantification by the algorithm.
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Figure 5. Color training and ROI Size Standard Bar setting. (a) Color
training of the algorithm. Small representative areas of different tissues
are drawn and assigned different colors (arrows) (X4). Visiopharm soft-
ware will follow this training to label similarly stained tissues. (b) ROI
Size Standard Bar setting (X1.25). For each sample, the length of this bar
should be the same.

During step 1, the following steps would be run automat-
ically:

(a) Initial color segmentation for all fissues;
(o) Fill holes (unstained area) in cartilage: to include
chondrocytes and their lacunae in cartilage;

7%

% //-//, 7
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/777777 i
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Figure 6. ROI drawing and primary color segmentation. (a) The ROI is
defined based on the Size Standard Bar to include the callus on either
side of the femoral shaft and allograft, excluding muscle, allograft, and
pre-existing cortical bone (X1.25); (b) Primary color segmentation gen-
erated after running step 1 of the algorithm (x1.25).
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(c) Change fibrous tissue to bone marrow: merge these Table 1. Comparison of values for new bone area between
two tissues together and split into area units for later ~ OsteoMeasure and Visiopharm

processing; New bone area/mm?
(d) Change bone marrow between 30 000 and 200 000 Slide name OsteoMeasure Visiopharm Difference
2 . .
um= to fibrous tissue. . . 1 001 021 0.0
(e) Ignore clear areas (which are called background in 2 0.57 0.58 0.01
this algorithm) in the slide where marrow or cells have 3 0.46 0.42 —-0.04
pulled away from bone or cartilage as sectioning/ 4 0.39 0.40 001
5 0.13 0.14 0.01

staining artifacts.

Step 2: Manual correction/modification

Manual correction is needed in most cases fo achieve
more accurate quantification (Figure 7a). As the labels
have been split into units, in most cases it is not necessary

Table 2. Comparison of values for cartilage area between
OsteoMeasure and Visiopharm

Cartilage/mm?

to draw around tissue elements with complex textures. The ~ Slide name OsteoMeasure Visiopharm Difference
user simply needs to hold the Ctrl key and left click with the 1 0.11 0.11 0.00
mouse on fissue elements to include them in the particular § 8’82 8’8; 78'81
tissue type. After manual correction, satisfactory labelingis 4 0.19 0.22 0.03
achieved (Figure 7c). 5 0.49 0.42 -0.07

Step 3: Quantification and data generation
This step will automatically measure the areas of fissues Table 3. Comparison of values for fibrous tissue area between
and generate the data output. OsteoMeasure and Visiopharm

Fibrous tissue area/mm?

Statistical analysis

. . o . Slide name OsteoMeasure Visiopharm Difference
Differences (in Tables 1-6) were calculated as “value with
. . " - 1 1.06 1.07 0.01
Visiopharm — value with OsteoMeasure”. Reproducibility 5 091 0.79 012
across methods was assessed using intraclass correlation 3 0.42 0.47 0.05
coefficients (ICCs).?” Corresponding 95% confidence 4 0.28 0.26 ~0.02
5 0.66 0.60 -0.06

Table 4. Comparison of new bone percentage between OsteoMeasure
and Visiopharm

New bone area/%

Slide name OsteoMeasure Visiopharm Difference
1 15.22 14.94 -0.28
2 36.92 40.27 3.36
3 49.95 45.77 —4.18
4 45.35 45.37 0.02
5 10.16 12.07 191

Ll
“, /77

7 /// 77 ///// “iy > 77

Table 5. Comparison of values for cartilage percentage between
OsteoMeasure and Visiopharm

Cartilage area/%

Slide name OsteoMeasure Visiopharm Difference
Figure 7. Manual correction/ modification. (a) An area from the bottom ! /.97 8.12 0.15
. - s . 2 4.15 4.84 0.69
right of (b) in Figure 6 where there is mislabeling of bone marrow as new
X . . . . .. 3 4.45 3.51 -0.94
fibrous tissue (labeled pink); (b) The corresponding area in the original 4 2908 2449 40
image for reference to (a); (c) Final labeling after manual correction/ 5 38.08 36,00 —o04

modification for comparison with (b) in Figure 6.
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Table 6. Comparison of values for fibrous tissue percentage between
OsteoMeasure and Visiopharm

Fibrous tissue area/%

Slide name OsteoMeasure Visiopharm Difference
1 76.81 76.94 0.13
2 58.94 54.89 —4.05
3 45.60 50.72 5.12
4 32.56 30.14 -2.42
5 51.56 51.69 0.13

Table 7. Intraclass correlation coefficients (ICC) and corresponding
95% Cls

OsteoMeasure versus Visiopharm

Items ICC 95% Cl

New bone area/mm? 0.994 3 0.958 5-0.999 4
Cartilage/mm? 0.9799 0.860 7-0.997 8
Fibrous tissue/mm? 0.9795 0.857 6-0.997 8
New bone area/% 0.989 2 0.922 9-0.998 8
Cartilage/% 0.994 6 0.961 1-0.999 4
Fibrous tissue/% 0.982 2 0.8756-0.998 1

intervals (Cls) for the ICCs were computed using the exact
method.?® AnICC less than 0.4 indicated poorreproducib-
ility, between 0.4 and 0.75 indicated fair fo good repro-
ducibility, and an ICC above 0.75 indicated excellent
reproducibility.?’ Data analyses were performed by using
SAS software, version 9.3 (SAS Institute, Cary, NC, USA).

RESULTS
Validation of the Visiopharm algorithm
To validate this new Algorithm that we developed to ana-
lyze the various elements that comprise healing allografts,
the same ROl in virtual slides and in the glass slides that had
been converted into virtual slides were analyzed blindly
using the Visiopharm Algorithm and a week latfer (allowing
a “washout” period) OsteoMeasure. These areas were
selected in each of the slides o include all of the healing
fissues, including cartilage, new bone, and fibrous fissue. The
results acquired using the two different methods for newly
formed bone (Tables 1 and 4), cartilage (Tables 2 and 5),
and fibrous tissue areas (Tables 3 and 6) were compared.
For new bone areq, the ICC (95% CI) value for the com-
parison between Visiopharm and OsteoMeasure is 0.994 3
(0.958 5-0.999 4) (Table 7). With new bone area expressed
as a percentage, the ICC (95% Cl) value is 0.989 2 (0.922 9-
0.998 8). For cartilage area, the ICC (95% CI) value for the
comparison between Visiopharm and OsteoMeasure is
0.979 9 (0.860 7-0.997 8) (Table 7). With the cartilage
area expressed as a percentage, the ICC (95% CI) value
i 0.994 6 (0.961 1-0.999 4). For fibrous fissue areq, the ICC
(95% Cl) value for comparison between Visiopharm and
OsteoMeasure is 0.979 5 (0.857 6-0.997 8) (Table 7). With
the fibrous tissue area expressed as a percentage, the
ICC (95% ClI) value is 0.9822 (0.875 6-0.998 1).
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Figure 8. Linear regression analysis for new bone area between
OsteoMeasure and Visiopharm.
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Figure 9. Linear regression analysis for cartilage area between
OsteoMeasure and Visiopharm.
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Figure 10. Linear regression analysis for fibrous area between
OsteoMeasure and Visiopharm.

Linear regression analysis was performed between
Visiopharm and OsteoMeasure, in ferms of new bone
(Figure 8), cartilage (Figure 9), and fibrous fissue area
(Figure 10). From Figures 8,9, and 10, all the regression lines
fit the data very well and indicate that the differences
between Visiopharm and OsteoMeasure are very small
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and unbiased. The R? values for the linear regression ana-
lysis between Visiopharm and OsteoMeasure in terms of
new bone, cartilage, and fibrous tissue area are 0.977 5,
0.987 5, and 0.956 5, respectively. The R? values indicate
that the Visiopharm data are very closely related to those
of OsteoMeasure, and the corresponding ICC values
(Table 7) indicate nearly perfect agreement.

DISCUSSION

OsteoMeasure and Bioquant are two well-established
bone histomorphometric systems, which numerous investi-
gators have used for estimation of tissue areas/volumes for
many years. Point-counting was used extensively from the
1960s to the 1980s before desktop computers became
widely available and was the gold standard against which
new methodologies were measured because of its proven
accuracy in numerous morphologic settings.*#"* Image
analysis systems, such as OsteoMeasure and Bioquant,
were developed in the 1980s to harness the capabilities of
computer-assisted image analysis, and their soffware has
been upgraded regularly since then. The development of
these semi-automatic image analysis systems using a
microscope, camera, and drawing equipment allowed
users to trace around the surfaces of the various elements
of tissues, and thus permit automated calculation of areas
and volumes of these elements as well as their surface
extents. The bone outlines drawn using these systems can
be stored and re-examined later for review of accuracy of
the data, but the histologic image is not retained with these
two methods. However, both methods are labor-intensive
with some disadvantages compared with the Visiopharm
Software System (Table 8).In addition to the typicalmanual
mode, OsteoMeasure also has an automatic segmenta-
fion mode (thresholding). Automatic segmentation could
save significant fime over the manual mode in cases where
there are only two colors, such as Von Kossa-stained unde-
calcified sections of bone with normal mineralization where
bone matrix is black and other fissues may be countfer-
stained red. However, in cases, such as our healing allo-
grafts, where there are multiple colors and significant
color overlap between fissues or/and complicated inter-
mingling of fissue elements, OsteoMeasure automatic seg-
mentation (thresholding) would require excessive manual
modification. We tried this option with OsteoMeasure using
some of our slides and found that this took longer fo com-

Table 8. Comparison of features of OsteoMeasure and Visiopharm

Features OsteoMeasure Visiopharm
Analysis done in multiple fields V X
Image labeling elements saved V \
Subsequent image modification possible X \
Slide to image conversion possible X J
Average analysis time/slide 60 min 5 min

© 2016 Sichuan University
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plete than the typical manual mode (~60 min per slide)
that we have been using for several years.

Compared with OsteoMeasure, Visiopharm has several
advantages as a computer-assisted automated/semi-
automated image analysis system compared with the
above well-established computer-assisted methods. First,
after initial fraining, the interface can be operated easily
by users. Second, manual adjustments fo increase accu-
racy of the measurements are minimal and straightfor-
ward and can be performed quickly. Third, the analysis
can be saved for later review or any additional modifica-
fions that may be indicated. Last, and most importantly,
the Visiopharm system has the ability to perform batch
processing and compensate for histochemical stain vari-
ability within a batch analysis by importing the whole
folder containing images for analysis and then running a
batch analysis. For example, the average times taken by
the lead author to measure the three elements of healing
allografts were 5 and 60 min using Visiopharm and
OsteoMeasure, respectively, and those of a histomorpho-
metrist experienced with the use of OsteoMeasure, but a
new Visiopharm user, were 8 and 60 min, respectively. The
relatively longer time spent with Visiopharm by the new
user is mainly due fo increased time spent setting modifi-
cations while matching the variance between slides/
batches. However, with the exception of this fime differ-
ence, the results from different users (the lead author and
the second author) are very consistent (data not shown).
Our statistical analysis indicates that the data collected
from OsteoMeasure and Visiopharm show a very high level
of reproducibility. Moreover, because the lower limit of
each of the 95% Cls exceeds 0.75, it can be concluded
that each ICC is significantly higher than the threshold for
excellent reproducibility. Thus, this Visiopharm Algorithm
provides an efficient method for histomorphometry and
accuracy similar fo OsteoMeasure analysis.

Despite the significant reduction in time taken for the
histomorphometry, there are some limitations to whole
slide imaging and the Visiopharm System. For example,
although Visiopharm could be a good replacement for
fraditional morphometric systems, unless all of the elements
in aslide stain differently, some image adjustments have to
be made on each slide. While the color training from pre-
vious slides can be saved for future use and a significant
amount of fime could be saved, new color training session
isneeded in cases where the segmentation is not safisfact-
ory or staining variance between slides (images) is signifi-
cant. In addition, the algorithm also provides users the
opfion to change the setting of the application to match
the variance in fissue texture between slides/batches. The
fime required for these, however, can be minimal.

The Visiopharm system is significantly more expensive
than OsteoMeasure and Bioquant, and it has higher
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minimum requirements for both hardware and software.
A less expensive opfion can be fo rent Apps from
Visiopharm for a period of days or weeks when large
batches of images could be quantified. A Whole Slide
Imaging system (for example, the VS-120 from Olympus,
the Aperio CS2 from Leica Biosystems, the NanoZoomer-
XR C12000 from Hamamatsu, the Mikroscan D2 from
Mikroscan, and the iScan HT from Ventana) is required to
convert glass slides into virtual slides (images), and all these
systems are expensive. However, some systems, such as the
NanoZoomer-XR C12000 can scan up to 320 standard slides
automatically in one batch and do not need an operator
to attend the device during scanning, which can be done
overnight. In addition, some of these systems can also scan
using fluorescence lenses, meaning that scanned immuno-
fluorescent digital slides will not fade or quench on repeat
viewing, ashappens typically to the original glass slides, and
thus they can be viewed repeatedly. The Visiopharm sys-
tem could be used for the standard dynamic histomorpho-
metric analysis of human or rodent undecalcified bone
sections with double fluorescence labeling scanned using
a whole slide imaging system with fluorescence capability,
such as the Olympus VS120. We have developed a sepa-
rate algorithm for this application.

Insummary, to meet the growing need for automationin
bone histomorphometry of healing allografts, we have
developed and validated a Visiopharm Algorithm for
H&E, orange G/alcian blue-stained sections of healing
mouse allografts and have shown that it compares well
with an established semi-quantitative histomorphometric
method. We conclude that this Visiopharm Algorithm is an
efficient and accurate tool for assessing new bone, cartil-
age, and fibrous fissue in this model that can be used
with currently available software. The algorithm could
be applied to healing fractures, which have similar fissue
elements.
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