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bstract. A semi-automated image analyzing system was devel-
ped for the quantitative study of the in vitro osteoclast activity. It is
ble to determine the percentage of the matrix reabsorbed by cul-

ured osteoclasts. It counts and sizes the worn areas and displays
he results together with two-color coding useful for visual interpre-
ation. A specific semi-automated procedure was designed to simu-
ate human sight. It detects local gray level differences while match-
ng with the surrounding gray levels. It implements routine
alculation enabling the operator to continuously control the pro-
ess. We were able to accurately and precisely quantify the reab-
orbed percentage of meaningful fields in a slice. This image-
nalyzing system is useful in the study of physiological or
athological osteoclast activity, in various diseases involving bone,
uch as osteoporosis, Paget’s disease of bone or neoplastic condi-
ions, and in the evaluation of osteoclast response to various
gents. © 2008 Society for Imaging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2008�52:3�030508��

NTRODUCTION
one resorption is carried out by osteoclasts (OCs) that are
ultinucleated cells formed by the fusion of marrow-derived

ells.1,2 An imbalance between bone formation and bone
esorption, with an increase in OC number and/or activity,
s thought to underlie the pathogenesis of a lot of bone
iseases; for example, metabolic, such as osteoporosis,3,4 and
etaplastic, such as Paget’s disease of bone,5 but also the

athogenesis of bone metastasis.6,7 Hence, the assessment of
Cs’ formation and activity and their response to pharma-

eutical agents is of central importance to understand the
hysiopathological processes involved in bone metabolism.

eceived Sep. 14, 2007; accepted for publication Feb. 25, 2008; published
nline May 19, 2008.
062-3701/2008/52�3�/030508/9/$20.00.

. Imaging Sci. Technol. 030508-
In vitro OCs capability in reabsorbing bone can be
valuated measuring biochemical markers released in the
ulture medium or visually quantifying the portion of ma-
rix eroded by cells. The in vitro nowadays golden standard
sed to define the osteoclast function is their resorption ca-
ability. The cortical bone slices, the dentine slices, and the
ubmicrometer synthetic calcium phosphate thin films are
ctually the most used cell culture techniques to study
steoclasts.6–12

The quantification of resorption capability relies mostly
pon two-dimensional analysis of resorption pits of variable
epth based on optical methods. The slices can be examined
y light microscopy and the total area of resorption visually
stimated. Matrix resorption can be detected by the change
n light transmission due to the mutated thickness. Stereo

apping of the resorption volume is also performed on
one or dentine slices that exhibit complex irregular three-
imensional resorption pits of no fixed depth.11,13 This time
onsuming technique is needless using the submicrometer
ynthetic calcium phosphate thin films due to their con-
rolled thickness. As the film is thin and of uniform thick-
ess, the amount of material removed can be related to the
lan area of the created voids. As regards the submicrometer
ynthetic calcium phosphate thin films one of the manufac-
uring firms (Becton Dickinson and Co., Franklin Lakes, NJ,
SA) provides a customer service that stains the Osteologic
iocoated device with a routine histological fixative to dem-
nstrate the presence of calcium phosphate. The calcium
pecific stain is taken up only in those areas where the film is
ntact and the stain content measured by a custom analyzer.
ime consuming manual drawing of the reabsorbed areas
sing an eyepiece reticule and reflected light microscopy is
May-Jun. 20081
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lso reported.14 This technique leads inevitably to inaccurate
nd imprecise results.

The bone research community has not adopted a spe-
ific standard method to analyze pit formation assays. The
urpose of our work was to develop an accurate and precise

ool in support to bone researchers. Emulating the human
ision, it detects local gray level differences while matching
ith the surrounding gray levels.

ATERIAL AND METHODS
he aim of the different procedures of image analysis ap-
lied here was the detection of the areas reabsorbed by the
steoclast activity and their quantitative characterization.
he reabsorbed areas are defined as the areas where the ma-

rix lost its original pattern. The operator is requested to take
ictures of fields of interest in the slices he/she his willing to
nalyze in photo sessions, to acquire these pictures with a
ersonal computer, and to enter and control the image
nalysis chain. The technique was developed to primary ex-
mine pictures of bone slices, dentine slices and the
ultiwell BD BioCoat™ Osteologic™ Bone Cell Culture

ystem (Becton Dickinson and Co., Franklin Lakes, NJ,
SA), but the algorithm can be virtually applied on pictures
f other thin mediums. Usually osteoclast or their precursors
re cultured on these mediums and, at the end of the culture
eriod, the adherent cells are removed in order to show the
are surface that can be analyzed. Using the multiwell BD
ioCoat™ no staining is required, while using dentine or
one slices a staining with toluidine blue is required.

hoto Session
photo session is defined as a sequence of pictures of ma-

rices properly treated where the setup of the microscope is
xed. In order to get a usable image, the specimen must be
roperly illuminated and the light path of the microscope
roperly set up. The Köhler illumination is the suggested
etup for proper image generation.15 Fields of interest have
o be pictured with a standard digital camera attached to a
ommon inverted research microscope. For each photo ses-
ion, the operator is primarily requested to perform bright-
ess and space calibration. A picture of an empty well plate
f the same thickness of the matrix coated ones, illuminated
s for usual readings, is required for the brightness calibra-
ion. A picture of a slice ruler is required for the space cali-
ration. Required picture format is the common JPEG (lossy
r lossless), 1536�2048 pixels, 24 bits per pixel (16�106

olors).

mage Acquisition, Storage, and System Requirements
y means of an adequate coupling (USB connection, usu-
lly) pictures of the photo sessions can be forwarded to a
omputer hard disk, saved in folders and analyzed at any
ime. The software, which runs on the Windows platform,
as written in Visual Basic® 6 and uses FreeImage libraries.
inimum system requirements are a Pentium® IV (CPU

.66 GHz and RAM 512 MB) or compatible. An additional
ramegrabber card is required.
. Imaging Sci. Technol. 030508-
he Image Analysis Chain
he image analysis chain starts as an operator loads the

oftware (flow chart shown in Figure 1). Explicit messages
n the video drive the operator throughout the entire pro-
ess. Message boxes allow operators to choose over the entire
nalysis for different options and enable only the controls
elative to their choices. To detect the reabsorbed areas in a
ighly complex image context, we employed different opera-
ions and steps of processing images: brightness and length
alibration, picture correction, threshold selection, picture
canning in three steps, and macroscopic corruptions eras-
ng. These operations are intended for pictures taken in the
ame photo session. Results achieved with pictures coming
rom different photo sessions, using different brightness and
pace pictures for calibration, may be inaccurate. As the op-
rator selects the JPEG picture to analyze, an identical copy
f the picture is automatically saved to the computer’s hard
rive in Bitmap (.bmp), 8 bits per pixel format. The entire
rocess will operate on this copy, leaving the original picture
nmodified. In order to enhance the readability of the pic-

ures and to speed up the procedure as the copy is automati-
ally reloaded and displayed on video, gamma and contrast
orrections are applied, and it is downsized to 1024�768
ixels by means of FreeImage (Floris van den Berg) func-
ions. FreeImage is a free and open source graphics library
or Windows®, Linux, and Mac OS. An advanced parameter-
zed scaling filter, Mitchell and Netravali’s bicubic filter, is
sed to downsize the pictures. It uses a cubic function to
roduce very smooth output while maintaining dynamic
ange and sharpness.

rightness and Length Calibrations
he aim of these procedures, operator selected, is to correct

or eventual inhomogeneous slice lighting and to dimension
he observed slice features. A suitable tool detects pixel-by-
ixel light distribution, ranging from H000000 (black) to
FFFFFF (white), on the picture of the empty slice. The

eciprocal of the value detected for each pixel, raised to the
fth power, is saved as an adjustment value in a
024�768 pixel matrix. In order to avoid division by zero,
hen the H000000 value is found, it is substituted with
000001. This matrix, here defined as the natural matrix

N), is saved on the hard disk in a data file.
In order to further reduce the effects of an eventual

naccurate Köhler illumination, another 1024�768 pixel
atrix, here defined as artificial matrix (Art), is enclosed as
data file in the software package. This fixed set of data was

reated reading through the same calibration tool as for an
mpty picture, 1024�768 pixels, 8 bit per pixel, created by
hotoshop® 6.0, distinguished by a light central overexpo-
ure.

The space calibration can be performed as usual by
rawing a line of known length on the suitable picture of a
lice ruler and determining the pixels’ length ratio. These
am-stored values will be used for all the pictures belonging
o the same photo session, speeding up the procedure. (They
lso stay on the hard disk until expressly replaced with other
May-Jun. 20082
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alibrations.) During the analysis of a photo session it is not
equired to repeat the calibration.

icture Correction
ed by unequivocal messages the operator is requested to
elect with the mouse pointer three points in three areas
ecognized as reabsorbed (for calcium phosphate films) or
ot reabsorbed (for bone and dentine slices), respectively, in

Figure 1. Flow-chart
he central, intermediate, and peripheral parts of the loaded b

. Imaging Sci. Technol. 030508-
icture (Figure 2, top panels). They match areas roughly
venly lightened at similar radial distances from the center of
he picture. With the pointer, he/she defines three local

ean brightness values, here defined as M1, M2, and M3.
hese are the mean values of the brightness of three grids,
1, R2, R3, of 7�7 pixels, surrounding the selected ones. If

he three means range beyond 5% a procedure aimed to

age analysis chain.
of the im
ring them back into that range starts. This procedure alters

May-Jun. 20083
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onlinearly the calculation of the three means: it corrects
1, M2, and M3, applying pixel-per-pixel to the grids R1,

2, and R3, the product of the matrix N and Art, element-
er-element, raised, respectively, to two different exponents,
and k. Two cycles linearly raise n and k. In order to maxi-
ize the effect of the natural matrix N with respect to that

f the artificial Art, the exponents are stepped up so that for
unit increase of k, n is continuously increased to its maxi-
um and then resets its minimum. Since data inside the
atrixes are the inverse of the brightness, exponential en-

ancement has basically the effect of flattening the grid sur-
aces and thus moves the data nearer the three means Me1,

e2, and Me3. If the exponent k reaches its maximum and
he three means still range beyond 5% the procedure is

igure 2. Analysis of pictures of an osteologic biocoated �a�, of a bone
lice �b� and of a dentine slice �c�. The top panels are the pictures prop-
rly converted in Bitmap format, corrected and downsized as the software

oads them and ready to enter image analysis chain. In the bottom panels
re the same pictures at the end of the third step of picture scanning: the
riginal picture as background allows the operator to clearly gauge the
ccuracy of the image treatment. The black arrows indicate the areas
elected by the operator at the beginning of the procedure: for osteologic
iocoated, it is requested to select pits in the central, intermediate, and
eripheral zones of the picture; for dentine and bone slices, it is requested

o select non-eroded surfaces in the central, median, and external zones
f the picture and then the center of a pit. Panels �d�, �e�, and �f� are
xamples of how the software is able to exclude artifacts. Panel �d� shows
he picture of an osteologic biocoated with the edge of the slice included
red arrows�. Panel �e� shows how the operator can exclude the artifact
rom the analysis. Panel �f� shows the analysis completed with the eroded
reas recognized and the artifact colored in red.
topped. The operator is then able to restart the picture cor- s

. Imaging Sci. Technol. 030508-
ection procedure or to abort the analysis. Once the devia-
ion is under 5% the optimal correction value determined is
pplied to the entire picture, pixel-by-pixel, to obtain a cor-
ected image.

hreshold Selection
message invites then the operator to pick another reab-

orbed area anywhere on the corrected image. Thereby, he/
he defines a reference threshold, here defined as MREF, the
oftware will use to scan the entire picture. The threshold is
gain the mean value of brightness of a grid of 7�7 pixels
round the selected one.

icture Scanning
irst step. The aim of the first step is to discern the worn
reas from the matrix and to exclude smaller artifacts.
maller artifacts are defined as cell remnants on worn areas
nd irregular matrix patterns with bright spots. The software
utomatically starts to read the picture. The graphical results
f routine calculations are continuously plotted on the origi-
al picture under the operator’s continuous audit. Pixel by
ixel, the picture is scanned by lines and the local mean
rightness value, here defined as M1�x ,y�, of a 7�7 grid of
ixels around the examined one, here defined as pixel�x ,y�,

s calculated. If the local mean brightness value M1�x ,y� is
ower than the threshold MREF, the considered pixel�x ,y� is
elieved to be part of the matrix of a worn area. The pixels
ssessed to be part of the matrix are plotted black; otherwise
hey are plotted white. The operator gauges in real time the
ccuracy of the software routine calculations appraising the
oherence of the refreshing new image, made of black and
hite pixels, with respect to the original one (Fig. 2, second

ine panels). During the refresh, if not satisfied, the operator
an adjust the developing graphical results using an on-
creen slider able to alter the threshold in real time. The
eveloping image of the first step is RAM stored in a matrix
024�768 pixels, 8 bits per pixel, here defined as M1. At
he end of the reading a message box asks the operator to
ccept or reject the result of the first step. On rejection, the
atrix M1 is overwritten by repeating the first step. On

cceptance the matrix M1 becomes the virtual image to be
canned in the next step.
econd step. The aim of the second step is to roughly refine
he edge of the worn areas and to exclude larger artifacts.
he software automatically re-plots the original picture and

tarts to read the virtual image, composed by the matrix M1,
ade of black and white pixels. The graphical results of the

ew routine calculations on M1 are plotted again on the
riginal picture under the operator’s continuous audit.
ixel-by-pixel the picture M1 is scanned by lines and the

ocal mean brightness value, here defined as M2�x ,y�, of a
�9 grid of pixels around the examined one, the pixel�x ,y�,

s calculated. If the local mean brightness value, M�x ,y�, is
ower than a threshold, here defined as M2temp, the consid-
red pixel�x ,y� is believed to be part of the matrix of a worn
rea. The operator determines the threshold M2temp con-
inuously, using the on-screen slider. The slider is able to

elect a gray scale value such as to cover all the possible

May-Jun. 20084
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ombinations of black and white pixels in a 9�9 grid. The
ffect is a control on the edge of the worn areas and the
xclusion of artifacts. The pixels assessed to be part of the
atrix are plotted black otherwise white and RAM stored in
matrix 1024�768 pixel, 8 bits per pixel, here defined as
2. The operator gauges in real time the accuracy of the

oftware’s routine calculations, appraising the coherence of
he refreshing new image with respect to the original one at
he end of each step. At the end of the reading, a message
ox asks the operator to accept or reject the result of the
econd step. On rejection, the matrix M2 is overwritten by
epeating the second step. On acceptance the matrix M2
ecomes the virtual image to be scanned in the following
tep.
hird step. The aim of the third step is to increase the re-
nement of the edge of the worn areas and to exclude larger
rtifacts. It works exactly as the second step but operates
ith a matrix 11�11 and plots on video only the black
ixels. As the pixel assessed remains transparent as part of

he worn areas, the operator has the opportunity to clearly
auge the accuracy of the image treatment (Fig. 2, third line
anels). At the end of the reading a message box asks the
perator to accept or reject the result of this step. On rejec-
ion the matrix M3 is overwritten repeating the third step.
n acceptance, the matrix M3 becomes the virtual image to

e analyzed in the next steps. (Owing to the architecture of
ur scanning procedure, at the end of the third step a strip
f five pixels for each side is lost.)

rasing Macroscopic Corruptions
nce the third reading is accepted, a message box asks op-

rators if they are willing to erase areas of macroscopic cor-
uption. Those are defined as areas that are indecipherable
r damaged by the operator seeding the culture. The opera-
ors thus have the opportunity to draw with the mouse
ointer on the original picture the edge of the parts they
onsiders to be corrupted. An automatic function creates an
rea inside each closed edge. The pixels recognized to be part
f a corrupted area are plotted red and RAM stored in a
atrix 1024�768 pixels, 8 bits per pixel, here defined as

er. Superimposing the matrix Mer on the matrix M3, a
efinitive matrix Mdef is written, plotted, and forwarded to

he calculations[(Fig. 2, panels (d,e,f]).

alculations
he program recognizes, counts, and sizes the reabsorbed
reas. Their sum is expressed as a percentage of the entire
canned area and a graph frequency-dimension is plotted. A
rst color coding links the reabsorbed percentage to a color

rom blue to yellow and assign it to the whole areas recog-
ized as reabsorbed (Fig. 2, fourth line panels). A second

inks a color from blue to yellow to the worn area size and
he entire picture size ratio and assigns it area by area. Nu-

erical results are saved in two separate text files and the
esulting pictures are saved in JPEG format. Such system is
onfigured to link with a computerized datasheet ready for

tatistical analysis of the resulting data. r

. Imaging Sci. Technol. 030508-
est-picture, Accuracy, and Precision
he effects of the picture corrections made to enhance the

eadability of the pictures on the software’s ability to detect
ifferences in contrast were surveyed. A test dedicated to
efine the minimum contrast necessary to perceive the dif-

erence between whole matrix and a reabsorbed area was set
p. The minimum contrast is defined as the smallest differ-
nce in the grayscale necessary to distinguish a pixel of a
eabsorbed area from the surroundings belonging to the ma-
rix. The analysis was performed for those brightness condi-
ions estimated to be in the range useful for common read-
ng by means of a test picture (Figure 3), including a
radient made of discrete combinations of gray levels for the
stimated pixel and the surroundings. In the test picture the
ray levels cover the range from HFFFFFF (white) to
000000 (black). This picture entered the first step of the

icture scanning and the resulting set of detectable combi-
ations of gray levels of reabsorbed and nonreabsorbed areas
as ascertained. This set was defined as the working area

nd plotted in green in Fig. 3.
The maximum accuracy error was determined by scan-

ing pictures containing geometrical figures of known di-
ension. Adobe Photoshop® was used to draw ellipses and

olygons using combinations of gray levels included in the
orking area and for the background. Two orders of mag-
itude were considered: pictures whose dimensions were less
r equal to the grid of the first step (7�7 pixels) and those
xtremely large compared to this grid. The maximum accu-

igure 3. Schematic grayscale combinations of colors for the matrix �D�
nd worn areas �C�. In a reasonable range of light exposures, for a given
atrix grayscale value, a pixel is recognized as a part of a worn area
hen its local mean is at least greater than the matrix grayscale value.
he program does not work �A� with very high light exposures �E0 to F0�.
he same researcher would never read a slice with very high or low
xposures �B�. The combination of grayscale colors in �C� is the working
rea.
acy error was calculated in percentage as the difference be-

May-Jun. 20085
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ween the average of the measured values and the true value.
he precision was determined as intra-observer and inter-

ndividual coefficients of variation (CVinter and CVintra).
hree independent observers scanned on three different days

he same set of five pictures of slices properly treated. In
rder to compare the results, in terms of accuracy, precision,
nd time, of our software with the current gold
tandard,3,6,9,16 we repeated the tests using the UTHSCSA
mage analysis software available from the internet from

axrad6.uthscsa.edu (developed by Willcox and coworkers
t the University of Texas Health Science Center at San An-
onio, Texas). The CVinter and Cvintra obtained with our soft-
are or with the UTHSCSA were compared by paired Stu-
ent’s t-test.

eliability Test
o evaluate the reliability of the method we studied the OCs’
ctivity in ten healthy premenopausal women (mean age
3±7 years). OCs were generated by peripheral blood
ononuclear cells (PBMCs) as previously described.3

riefly, PBMCs were obtained with the Ficoll-Paque method
rom 40 ml peripheral blood in lithium heparin. All cultures
ere performed in triplicate in 16-well plates BD BioCoat™
steologic™ Bone Cell Culture System (Becton Dickinson

nd Co. 4�105 cell/well) or on dentine slices (Pantec,
�106 cell/well) using alpha minimal essential medium
�-MEM: Gibco) supplemented with 10% fetal bovine se-
um (FBS), benzyl penicillin �100 IU/ml�, and streptomycin
100 �g/ml� (called “complete medium”), or complete me-
ium plus M-CSF �25 ng/ml� and RANKL �30 ng/ml�.
PMI (Gibco) was used for cell isolation. All cultures were
aintained at 37°C in a humidified 5% CO2 atmosphere.
ells were fed every 3 days. On the 21st day, they were fixed

nd stained for tartrate resistant acid phosphatase (TRAP)
Acid Phosphatase, Leukocytestaining kit, Sigma Diagnos-

Table I. Comparison between the coefficients of variation obtained with the

Our software

Osteol

CVintra CVinter

nvest. 1 Invest. 2 Invest. 3 3.9± 1.5

.4± 0.8 3.6± 1.2 3.6± 1.3

CVintra CVinter

nvest. 1 Invest. 2 Invest. 3 5.7± 2.3

.3± 1.9 4.8± 1.0 7.8± 2.5

B

CVintra CVinter

nvest. 1 Invest. 2 Invest. 3 4.9± 3.3

.1± 1.7 4.6± 1 . 9 6.4± 1.7
ics) and stained with an immuno technique to express the e

. Imaging Sci. Technol. 030508-
itronectin receptor (VNR) (Becton Dickinson & Co.). OCs
ere recognized as TRAP+ and VNR+ multinucleated cells

�3 nuclei) according to the literature,3,17 and were counted
n each well. In order to avoid possible bias, the count was
lind to culture condition and OCs were always identified by
he same operator, and the mean per subject for 3 wells with
nd without M-CSF and RANKL was calculated. In order to
valuate OCs activity, cells were removed from the wells with
4% sodium hypochlorite after the count and a Nikon
oolpix™ digital camera attached to an inverted research
icroscope was used to photograph the entire surface of

ach well. Lacunar resorption was determined by examining
ach micrograph with our software or with the UTHSCSA
oftware. For each well, four pictures at 20� magnification
ere taken. The operators were familiar with the use of
THSCSA software, while they were novices in the use of
ur software.

ESULTS
igure 3 shows the working area inside those range com-
only used to picture fields of interest. Here is shown how

iscrete combinations of gray levels for the background and
or the brightness of a single pixel are recognized by the first
tep of the picture scanning after the picture corrections to
nhance its readability. The gray parts of the picture repre-
ent those combinations recognized. Those parts sketched,
ncluding the picture oblique, represent those combinations
here the software is not able to distinguish the inquired
ixel from the surroundings. This happens with brightness
ombinations close to the extremes and when the worn area
nd the matrix have the same gray level.

Our scanning procedure evaluates a pixel with respect
o its background by means of the calculation of the mean
n a grid of pixels, thus, it tries to emulate human vision.
he method underlying the procedure implies the accuracy

software and with manual drawing using UTHSCSA image analysis software.

UTHSCSA image analysis software

oated

CVintra CVinter

Invest. 1 Invest. 2 Invest. 3 20.53± 0.7

0.0± 2.7 11.1± 2.3 11.2± 3.5

CVintra CVinter

Invest. 1 Invest. 2 Invest. 3 10.7± 4.3

8.0± 2.2 9.4± 4.2 7.9± 2.5

s

CVintra CVinter

Invest. 1 Invest. 2 Invest. 3 9.6± 3.2

7.3± 2.5 8.4± 3.2 7.4± 1.9
proposed

ogic BioC

1

Dentine

one slice
rror to range from 0 to 100% in processing pictures, includ-
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ng figures whose magnitude is minor or equal to the 7�7
ixels first step grid dimension. In fact, the operator is in-
tructed to sample the threshold in a uniform area so that
he pixels included in the 7�7 grid have basically a gray
evel characteristic similar to worn areas. This means that a
ingle pixel randomly located on the picture, even though its
ray level may be greater than the threshold, will not be
ecognized if it is surrounded by a grid of pixels such that
he mean on the 7�7 grid is lower than the threshold. The
xtreme variability of the measurement accuracy for these
mall features is related to the chosen threshold and to the
ariable combinations of gray levels that contribute to deter-
ining the local mean brightness relative to the considered

ixel �M1�x ,y��. As a consequence, inside the previously de-
ned working area, we consider the minimum worn area
etectable to be a resorption void of 7�7 pixels. It repre-
ents 0.0064% of the entire field of interest evaluated within

picture. Its absolute dimensions depend on the adopted
agnification. Magnification of 10� is considered to corre-

pond to the presence of a single resorption void of approxi-
ately 66 �m2. This void represents roughly less than the

% of the surface occupied by a mature osteoclast. Inside the
orking area, the maximum accuracy error for pictures in-

luding geometrical features larger than the first grid is
.16%. Low magnification and low picture resolution can
nvalidate the measurements. Results are guaranteed with
ictures taken at 4� or greater magnification and with at

east a 2 megapixel picture resolution.
Coefficients of variation intra- and interobserver per

ulture system are shown in Table I. They were always found
o be greater using manual drawing by means of the
THSCSA image analysis software, but the difference was

tatistically significant only for the CVinter calculated for the
steologic Biocoated wells �p=0.004�. Our results on accu-

acy and precision of manual drawing could even be overes-
imated considering that the area of the picture to be ana-
yzed could become quite large in order to get usable results.

With respect to the reliability test, the number of OCs
as significantly higher in a stimulated than in an
nstimulated condition, OCs were able to reabsorb substrate
nly in a stimulated condition (Figure 4). The results ob-
ained with the two techniques were not statistically differ-
nt. The time required to analyze these pictures was, how-
ver, significantly different; on the average, 3 to 5 min are
equired for the complete analysis of a picture with our soft-
are, compared to the 10 to 15 min required with the stan-
ard procedure.

ISCUSSION
andiness
onsidering that a transmitted light microscope as well as a
igital or conventional camera connected with an adapter to

he microscope is a prerequisite for every bone research fa-
ility, we developed a semiautomated software technique tar-
eted to assess osteoclast activity. This user-friendly tool
oes not require any additional frame grabber, thus improv-
ng its ease of use and reducing cost. Facilities can be vacated n

. Imaging Sci. Technol. 030508-
s soon as the photo sessions are concluded. Pictures analy-
is can be postponed and carried out on any standard com-
uter not necessarily connected with the microscope. The

ink with an electronic datasheet ready for statistical analysis
f data improves the handiness of this method.

ovelty
oftware-based image analysis system and analysis of pic-
ures on a pixel-by-pixel basis having defined threshold lim-
ts for the detection of peculiar features are not revolutionary
nnovations. The novelty lies in the development of a fast,
edicated tool for bone researchers and their user-friendly

nteraction with the software; the algorithm applies the re-
earcher’s real-time decisions. The architecture of the scan-

igure 4. Osteoclast formation and activity under unstimulated and stimu-
ated conditions. TRAP staining �10� � of cultures of PBMC from healthy
remenopausal women �unstimulated panel �a� left and stimulated panel
a�right�. Photographs of the hydroxyapatite matrix �panels �b�� and of the
entine slices �panels �d�� reabsorbed by the OCs. Histogram shows the
umber of OCs and the percentage of hydroxyapatite matrix reabsorbed,
nder unstimulated and stimulated conditions, in PBMC cultures. The OC
ctivity was measured by means of our software �OC activity 1� or by
eans of UTHSCSA image analysis software �OC activity 2�. The bars

how the mean and standard deviation.
ing procedure tries to emulate human vision weighting a
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ixel with respect to its background by means of the calcu-
ation of the mean on a grid of pixels. The operator is re-
uested only to control the effect of the software’s routine
alculations, comparing the real-time developing images
ith the underlying original. By adjusting the thresholds the
perator has the power to alter the result of the routine
alculations until satisfied of the accuracy of the image.

Corrections carried out loading the picture improve its
eadability, enhancing the discrepancy between the pristine

atrix pattern and the reabsorbed areas. The same correc-
ions slightly reduce the software’s ability to recognize as
ifferent some combinations of grayscale. These restrictions
an be found in combinations of gray levels corresponding
o conditions of slight overexposure or underexposure, but
etection is guaranteed inside the commonly used visible
ange for slice reading. The scanning procedure allows sin-
ling out the worn areas and at the same time ignoring those
mall spots the operator recognizes as artifacts. The same
ower limit of the architecture of our scanning procedure
nables our software to cut off small artifacts. The dimen-
ions of the first step grid are at any suggested magnification
egligible with respect to the dimension of a mature osteo-
last. This means that an isolated void of that dimension is
ot attributable to the osteoclast activity; rather, it is pre-
umed to be to a matrix artifact. The algorithm underlying
he second and third steps of the picture scanning allows the
perator to refine the congruency of the edge of areas rec-
gnized as worn until a reasonable accuracy is obtained.

The main idea behind the development of our software
s to allow the researcher to drive and verify the computer’s
hoices and to eventually intercept artifactual results. Totally
utomated devices may have problems in recognizing adul-
erated parts of the slices, thereby overestimating the reab-
orbed percentage. Examples are the slice edges or matrix

Table II. Comparison between the proposed software

Our
software UTHSCS

ubstrates
ystems
equireda

CPF, D, B CPF, D,

Software Softwa

ata
ollection

Automatic Automa

it
election

Semi-automatic Manua
drawin

mage
nalyzed

2D 2D

rtifact
xclusion

Yes Yes

V intra-observer 3.6%–7.8% 7.3%–11

V inter-observer 3.9%–5.7% 9.6%–20

alcium phosphate films �CPF�, dentine �D�, bone slices �B�.
Other than common research microscope with a digital camera and a personal computer.
amages due to culture seeding. With our technique the

. Imaging Sci. Technol. 030508-
perator first chooses appropriate fields of view taking pic-
ures where a meaningful analysis can be performed, and
hen erases macroscopic corruptions inside a field of inter-
st. Ambiguous inferences are thus skipped.

omparison with Other Methods
he intra- and interoperator coefficients of variation have

hown that the precision of the software described here is
dmissible, and superior to that obtained by manual drawing
sing the UTHSCSA image analysis software. This difference

s certainly not attributed to any malfunction of the latter
oftware, rather to the duration of the manual drawing nec-
ssary for each picture, i.e., to the generally high number of
eabsorbed areas per picture and to the researcher’s ability to
ustain concentration for the required spans in numerous
hoto sessions. In the present work we do not directly com-
are our methods with B&D instruments (Microst Image
nalyzer), because we find it mandatory to control the im-
ge processing system in order to avoid biasing the results
ith artifacts.

ell Cultures
nformation on the cells’ activity under specific metabolic
onditions can be deduced from the results obtained by
eans of our algorithm. The resorption percentage can be

onsidered as an image of the total aggressiveness of the
ultured cells, and the number and the dimension of the
ingle areas give an idea of the activity of each single cell.
he two-color coding relative to the resorption percentage
nd to each single area dimension provides fast and intuitive
esults. The numerical results are automatically displayed in

database ready for statistics, making the analysis fast and
idy. The experiments performed in which proosteo-
lastogenic cytokines are added into cultures of PBMCs con-
rm that our software is able to discriminate different cell

er methods for the analysis of pit formation assays.

B&D
Stereo

mapping
Reflected

light

CPF D, B CPF, D, B

Mycrost
analyzer

Stereo
microscope

Reflected
light

Automatic Manual Manual

Automatic Manual
drawing

Manual
drawing

2D 3D 2D

No Yes Yes

- - -

- - -
and oth

A

B

re

tic

l
g

.2%

.5%
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ulture conditions, and in so doing, it works faster than
THSCSA software.

hortcomings
he most striking limitation of our method certainly lies in

ts restriction to analysis of bidimensional images. Variable
nd not easily quantifiable accuracy errors on, e.g., dentine
nd bone slices, is the result. Even so, cell culture techniques
re still preferred and their bidimensional images are ana-
yzed by bone researchers.3,6,7,10,15 For these applications, our
oftware guarantees at least superior precision and repeat-
bility of analysis compared to manual drawing. Table II
hows a synoptic comparison between our software and
ther methods.

In conclusion, the combination of a common research
icroscope with a digital camera and our image analysis

oftware proved to be a sufficient, easy-to-use, and relatively
nexpensive tool to accurately determine osteoclasts’ activity
hrough assessment of their resorption capability, as demon-
trated in this study. To spend a considerable amount of
ime evaluating by a repetitive procedure a very large num-
er of pictures, as is usually necessary in a scientific study,
an be frustrating and can cause imprecision. It is the
resent authors’ opinion that the tool described here repre-
ents a reasonable compromise between control of the re-
ults and the time required to obtain them. However, the
esults of this bidimensional analysis are necessarily more
ccurate the thinner the matrix may be. Truly comparable
esults in bone research could enhance the understanding of
ow the resorption activity of either human or animal os-

eoclast may be modified by the action of bioactive agents or
harmaceutical agents.
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