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a b s t r a c t

The detailed quantitative characterization of soft-tissue in-growth into highly porous artificial implants
is critical to understanding the biophysical processes that will lead to the best structural scaffolding
construct. Previous studies have performed mechanical peel tests and mostly qualitative histological
analyses of soft-tissue. The goal of this paper is to report the results obtained from applying two image
analysis algorithms to quantify the morphological structure found in histological images of stained soft-
tissue in-growth into alumina ceramic foam metal implants using a canine model. Three different pore
sizes were used and three different post-operative time points were considered. Using the 2D Wavelet
avelet Transform
TMM

oam metal
rabecular metal
rtificial bone
rthopaedics

Transform Modulus Maxima method and 2D Fourier Transform analysis, a strong anisotropic signature
(directional preference) is detected in early (4-week) histological samples. The direction of preference is
towards the center of the implants. The strength of the anisotropy at later time points (8 and 16 weeks)
becomes gradually weaker. Our interpretation is that after a short period of time, the main tissue growth
activity has been concentrated on filling the artificial implant by growing towards its center. The weaker

nd at
n mo
mplants

istology

anisotropic signature fou
its structure by growing i

. Introduction

.1. Alumina ceramic foam

Highly porous foam metals are a family of materials that are
onstructed out of elements such as titanium, tantalum and nickel.

hile they are created using various processes, they share a com-
on morphology with a strut/cell like lattice network that is highly

nterconnected and resembles trabecular skeletal bone, under both
ross and microscopic inspection. While this genre of material was
nitially developed for industrial applications, its subsequent use
n biomedical applications, particularly in orthopaedic surgery has

evealed extraordinary properties with respect to bone and soft-
issue in-growth abilities. Initial investigation and further work
emonstrated that these materials facilitate rapid in-growth of
one and soft-tissue [1,2]. Further investigation demonstrated that
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ax: +1 207 581 3902.
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later time points is interpreted as the tissue growth activity strengthening
re random directions.

© 2009 IPEM. Published by Elsevier Ltd. All rights reserved.

these materials facilitate rapid and well-vascularized in-growth in
a wide range of tissue types, including muscle, fascia and sub-
cutaneous tissue, regardless of material type and pore size [3].
Follow-up work with these materials found that they confer true
biological function as well, demonstrated by biologic reconstitu-
tion of tendon attachment in an established canine model [4–6]
with the reconstructed tendon construct exceeding the strength of
the non-operative side by 40% at 12 weeks post-operative [7]. Prior
to this body of research, all attempts at pure soft-tissue attachment
to non-porous metal substrates had been unsuccessful. The impli-
cations and importance of these findings bear great relevance for
orthopaedic surgical reconstruction in primary and revision joint
replacement, sports medicine and oncology surgery where implant
longevity, stability, function and patient satisfaction are dependent
on stable and functional soft-tissue attachment to the implant con-
struct. The high porosity and degree of interconnectivity of these
materials is thought to confer this biological activity, but the spe-

cific mechanisms remain unclear and the patterning of the tissue’s
extracellular matrix inside the pores is not yet understood. Investi-
gation to better understand this process has significant implications
in the goals of advancing the development of surgical reconstruc-
tion. The crucial starting point is first accurately visualizing and

d.

http://www.sciencedirect.com/science/journal/13504533
http://www.elsevier.com/locate/medengphy
mailto:khalil@math.umaine.edu
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bjectively quantifying the bio-response to these foam metals to
efine what the stages of response and in-growth of this promising
etal/tissue interaction are. The next objective is then to assess how

lterations in foam metal morphology, such as pore size, shape and
olume, affect these growth stages, and ideally, how the expres-
ion of growth factors may be modulated. Ultimately, the ability
o harness and understand this process could lead to the use of
oam metals as effective new scaffolds for tissue engineering and
econstructive surgery.

.2. Characterizing anisotropy

Signal processing techniques like the two-dimensional (2D)
ourier Transform (FT) and the Wavelet Transform Modulus Max-
ma (WTMM) methods described here can be used to quantify the
oughness of a surface. A rough surface having an anisotropic signa-
ure means that the roughness (or pixel intensity variation) of the
urface will differ according to the direction considered. Fourier’s
ethods have been used for the analysis of periodic signals in a
ide range of disciplines and are now considered fundamental tools

n mathematics and the physical sciences [8]. Two-dimensional
T methods have involved the conversion of the Cartesian image
nto polar coordinates to quantify the anisotropy present in images
9]. Unfortunately, FT methods become very limited when deal-
ng with surfaces having non-homogeneous roughness (i.e., where
he image intensity variations are defined locally and not glob-
lly). This class of images are referred to as multifractal images.
n contrast to the FT, the 2D WTMM method is a multifractal image
nalysis formalism [10–13], where the different dilations of the ana-
yzing wavelet reveal quantitative roughness information at every
ize scale considered. The 2D WTMM method has successfully been
sed in geology for the study of Earth clouds [14], in mammogram
adiology to objectively characterize breast tissue types and to dis-
riminate between benign vs. malignant microcalcification clusters
n human breast tissue [15,16], in astrophysics for the study of the
nterstellar medium [13], and in cell biology for the characterization
f chromosome territories [17,18]. The superiority of the WTMM
ethod over the FT as well as signal processing techniques like

he structure function approach, correlation function, and several
thers, has been clearly established in previous publications ([10]
nd references therein). However, in cases where the roughness
s homogeneous (as is the case in this paper), both methods are
xpected to yield similar results [13,19].

.3. Quantitative histological analysis

Recent studies have used mechanical peel tests to quantify soft-

issue attachment to porous metal in order to find a potential
orrelation between attachment strength and pore size or between
trength and post-operative time [2,3]. Although such correlations
re likely to exist, the relatively small sample sizes used in these
tudies preclude their ability to infer statistically robust conclu-

ig. 1. (A) Alumina ceramic implants showing the small, medium, and large pore samples
n each corner for suture fixation. (B) 10× zoom of a prepared small-sized pore sample. (C)
paced at 256 pixels (∼54 �m), showing the lattice used to cut-up the 35 overlapping 512
& Physics 31 (2009) 775–783

sions. In order to complement and augment the mechanical tests,
histological analyses were also used, but were mainly supported
by qualitative and/or visual assessments. The goal of this paper
is therefore to present a precise, objective, and rigorously well-
defined signal processing approach and to use it to quantify 2D
histological images of stained soft-tissue in-growth into porous
metal implants by considering the evolution of the anisotropic
structure as a function of pore size and post-operative time. The
use of both the WTMM and FT methods, combined with the large
number of images used for this study allows us to obtain very
highly significant statistical results (>99.99% confidence level). Both
methods were first calibrated on synthetic isotropic and anisotropic
images and then applied to histology images of soft-tissue in-
growth into porous artificial implants. For simplicity and ease of
comparison, a new quantity called the anisotropy factor is intro-
duced. It is important to note that the consideration of the FT results
is dependent upon verification of homogeneity of the roughness via
the WTMM method. The use of both approaches on several thou-
sand images ensures a very robust statistical analysis and, as both
methods concur, demonstrates that our findings are not technique-
dependent.

2. Methods

2.1. Implants

Porous alumina rectangular implants were fabricated using
reticulated foam technology. The implants were created in three
pore sizes: small pore (average pore size of 100–175 �m), medium
pore (250–400 �m) and large pore (600–800 �m). Each implant
had a final size of 30 mm long, 20 mm wide, and 6 mm thick with a
2-mm diameter hole drilled at each corner to allow the passage of a
suture for securing the implant at the time of surgery (Fig. 1A). The
implants were processed, cleaned, passivated, packaged and ster-
ilized prior to implantation. The implants were used in an in vivo
canine model to evaluate soft-tissue in-growth based in part on a
protocol published previously [2].

2.2. Animal care

Twelve skeletally mature adult canines weighing approximately
25 kg were used in this study. All study animals were obtained,
housed, treated and studied under full institutional I.A.C.U.C.
approval at the Mayo Clinic Animal Care Facility. Upon arrival, all
animals were subjected to a physical examination by a qualified
member of the veterinary staff to ensure a normal health status.
The animals were screened to exclude acute and chronic medical

conditions during a 3–4 week quarantine period and were housed
in standard canine cages throughout the duration of the study. The
animal room environment (temperature, humidity, hours of light
and dark, and air changes) was monitored and recorded as per
AAALAC Standards (a minimum of once every 24 h). Municipal tap

. Each implant is 30 mm × 20 mm × 6 mm in size with a 2 mm diameter hole drilled
200× zoom of the circled region shown in (B). The black gridlines in (C) are equally
× 512 sub-images.
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ater was provided ad libitum (via automatic watering system). A
tandard certified commercial dog chow was fed to each animal. The
nimals were groomed, socialized and walked 5 times per week.

.3. Surgical implantation

The animals were induced by using a combination of Ketamine
10 mg/kg) and Diazepam (0.5 mg/kg) intravenously and main-
ained by isofluorane inhalation through an anesthetic machine.
tandard vital monitoring was utilized intraoperatively for all ani-
als. Surgery was performed using standard aseptic techniques.
fter the skin was shaved, it was scrubbed with chlorhexidine soap
nd then swabbed with 70% alcohol. After appropriate anesthesia,
ach subject had a superficial posterior approach to the spine per-
ormed. On each side of the spine, three small subcutaneous pockets
ia two skin incisions were created between the skin and subcuta-
eous layer with sharp dissection. One of each pore type block (3
otal on each side or 6 total for each animal) was secured with vicryl
uture. The wounds were irrigated and then closed in a standard
ashion with buried absorbable suture. The animals received stan-
ard post-operative care and were given post-operative antibiotics
nd analgesia (buprenorphine 0.01–0.02 mg/kg q6 h). All animals
olerated the procedure without complication and recovered fully
nd were post-operatively monitored for signs of infection. Four
anines developed a seroma at the surgical site. These seromas were
spective and resolved in three animals. One animal at the time of
acrifice had a remaining seroma of moderate size that was not con-
inuous with the implants and had no sign of infection. The animals
ere returned to their cages and were ambulatory within 2–3 h. No
hysical restriction was used. All animals were examined daily by
he veterinary staff or staff of the central animal facilities. The ani-

al health technologist associated with the project also checked
he dogs weekly.

.4. Imaging

After harvesting, the specimens were stored in 10% buffered
ormalin. A 5 mm × 10 mm block was obtained 5 mm from the
dge of the block using an Exakt band saw. The samples were
ehydrated in graduated alcohol, and were infiltrated and embed-
ed in Technovit 7200. The section was ground to 50–100 �m
hick using different grits of paper (from 350 to 1000). One sec-
ion was cut from each block. Slides were stained with Toluidine
lue or Hematoxylin and Eosin (H&E). The histological slides were
bserved with a Nikon transmitted light microscope, Microphot-
XA (Nikon, Japan). Digital images were taken with a digital camera
oupled to the microscope, MicroPublisher (Qimage, Burnaby BC,
anada) which has a CCD sensor of 3.3 megapixel. The lens on
he microscope is 20× lens (Plan 20, Nikon, Japan). The images
ere pre-processed with Image-Pro Plus software (Media Cyber-
etics, Inc., Silver Spring, MD). For each sample, 10 different pores
ere imaged at 200× magnification with a pixel size of ∼0.21 �m.

n order to provide adequate statistics 26 groups of images were
btained: Three samples were considered for each of the three pore
izes and each of the three time points (33 = 27), but one of the small
ore size samples at 4 week post-operative had to be rejected, yield-

ng the 26 groups. Each of these 26 × 10 = 260 images were digitally
egmented into 35 overlapping 512 × 512 sub-images (Fig. 1B and
), resulting in a total starting sample size of N = 9100 images for
ach time point. Averaging the results over 35 sub-images instead of
nalyzing the larger original images greatly minimizes edge-effects

10–14], allows to keep only the 512 × 512 sub-images that contain
tained soft-tissue and no pore material, and since many sam-
les had been “scratched” during the histological manipulation, the
maller and more abundant sub-images allow for rejection of some
f those corresponding sub-images. The rejection of sub-images
& Physics 31 (2009) 775–783 777

based on their content (implant or scratch) was done manually, by
visual inspection.

2.5. The 2D Wavelet Transform Modulus Maxima method

The 2D WTMM method is primarily a multifractal analysis tool
that provides a way to estimate the fractal dimension of the set
of points in the 2D surface that are characterized by a specific local
roughness (Hölder) exponent, or in the case of a mono-fractal signa-
ture, by a global (Hurst) exponent [10–13]. An anisotropic signature
can also be easily detected from the directional information pro-
vided by the continuous 2D Wavelet Transform. Let us consider two
wavelets that are, respectively, the partial derivatives with respect
to x and y of a 2D smoothing (Gaussian) function. Let

�Gau = e−(x2+y2)/2 = e−|x|2/2 (1)

be the Gaussian function, where |x| =
√
x2 + y2, so that

 1(x, y) = ∂�Gau(x, y)
∂x

and 2(x, y) = ∂�Gau(x, y)
∂y

. (2)

For any 2D function f, i.e., an image, the continuous Wavelet
Transform of f with respect to 1 and 2 has two components and
therefore can be expressed in a vectorial form [10,11,13]:

T [f ](b, a) = (T 1
[f ], T 2

[f ]) = ∇{T�Gau [f ](b, a)}
= ∇{�Gau,b,a ∗ f }, (3)

where * represents convolution, and where;

T 1
[f ] = 1

a2

∫
d2x 1

(
x − b
a

)
f (x) and T 2

[f ]

= 1
a2

∫
d2x 2

(
x − b
a

)
f (x) (4)

Here b and a represent parameters of position and scale respec-
tively. The WT is therefore the gradient vector of f(x) smoothed
by dilated versions of the Gaussian filter, �Gau(x/a). The WT can
be written in polar coordinates, i.e., in terms of its modulus and
argument:

T [f ](b, a) = (M [f ](b, a),A [f ](b, a)) (5)

where

M [f ](b, a) =
√

(T 1
[f ]2 + T 2

[f ]2) and A [f ](b, a)

= Arg(T 1
[f ] + iT 2

[f ]). (6)

A very efficient way to perform point-wise regularity analysis is
to use the Wavelet Transform Modulus Maxima (WTMM) [20,21].
At a given size scale a > 0, the WTMM are defined by the positions b
where the Wavelet Transform Modulus M [f](b,a) (Eq. (6)) is locally
maximum in the direction A [f](b,a) (Eq. (6)) of the gradient vec-
tor T [f] (Eq. (5)). When analyzing rough surfaces, these WTMM
lie on connected chains henceforth called maxima chains [10] and
are shown as black edge detection lines in Fig. 2B–D. Actually, one
only needs to record the position of the local maxima of M along
the maxima chains together with the values of M [f] and A [f] at
the corresponding locations. At each scale a, the wavelet analysis
thus reduces to store those WTMM maxima (WTMMM) only (black
dots in Fig. 2B–D). They indicate locally the direction where the
signal has the sharpest intensity variation (arrows in Fig. 2B–D).

The quantitative characterization of anisotropy is obtained by con-
sidering, at every scale a > 0, the probability density functions (pdf),
Pa(A) of the angles A associated with these WTMMM vectors. These
pdfs provide the statistical information on any potential directional
preference. Using this approach a flat Pa(A) distribution indicates
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ig. 2. 2D Wavelet Transform analysis of 2D isotropic fBm simulated surfaces. (A) 3
where �W = 7 pixels), are shown the maxima chains; the local maxima of M al
roportional to M and its direction (with respect to the x-axis) is given by A .

ocally unprivileged (random) directions of sharpest intensity vari-
tion (i.e., isotropy), while any departure from a flat distribution is
nterpreted as the signature of anisotropy. The Pa(A) distributions

ere calculated for all individual image segments, and averaged for
ach data set.

.6. The 2D Fourier Transform analysis

The (discrete) Fourier Transform samples the underlying peri-
dic structures at regular intervals (here defined by the image
ixels). For any 2D image of size N × N pixels, if f(x,y) represents
grey level at position (x,y), the Fourier Transform, F(kx,ky) of f(x,y)

s calculated according to the following equation:

(kx, ky) =
N−1∑
y=0

N−1∑
x=0

f (x, y)e{−i(2�/N)(kxx+kyy)}, (7)

here kx = 0, 1, . . ., N − 1 and ky = 0, 1, . . ., N − 1. The Fourier Trans-
orm F(kx,ky) is readily converted into a 2D power spectrum, P(kx,ky)
y applying the following equation:

(kx, ky) = |F(kx, ky)|2
N2

, (8)

ielding the weighted distribution of frequencies relative to the
artesian coordinate. Much like the Wavelet Transform (Eqs.
3)–(5)), the 2D power spectra obtained using the 2D-FT described

bove, can be further decomposed into angular distribution func-
ions, Pa(A), the coefficients of which directly indicate a directional
reference in the original image. This is accomplished by convert-

ng the 2D power spectrum into polar coordinates in an analogous
ay as for the WTMM method (see Eq. (5)).
rey-scale coding of the original image. In (B) a = 22.9�W , (C) a = 21.9�W (D) a = 23.9�W

ese chains are indicated by (�) from which originate an arrow whose length is

2.7. Synthetic surfaces

Generating several realizations of simulated 2D fractional Brow-
nian motion (fBm) surfaces is very useful for calibrating image
analysis tools and serves as a model of random isotropic rough
surfaces [10,11,13]. Since isotropy is rather idealistic in the case of
real textures, anisotropic rough surfaces such as fractional Brown-
ian sheets (fBs) are also used for calibration purposes [13]. These
surfaces are generated in a similar manner to fBm surfaces, except
that the roughness of the former can carry a directional preference
(anisotropy). This means that the intensity variation will depend on
the direction of interest. Thirty-two (1024 × 1024) isotropic fBm sur-
faces and 32 (1024 × 1024) anisotropic fBs surfaces were generated
following standard methods [10,11,13]. These images were analyzed
by both the WTMM and Fourier methods, where only the central
(512 × 512) parts were kept for analysis to avoid edge-effects. The
resulting probability distributions Pa(A) were used comparatively
to assess the departure from isotropy in the experimental image
data, and the extent to which the analytical techniques are sensitive
to surface anisotropy.

2.8. Anisotropy factor

In order to obtain quantitative information from the pdfs Pa(A),
a metric was defined in order to compare them to a unique cosine
distribution. We introduce the anisotropy factor, Fa, defined for each

scale parameter a, as the area between the observed pdfs and the
cosine function (see Fig. 6A and B):

Fa =
∫ �

−�
|Pa(A) − 1

2�
(cos(2A) − 1)|dA, (9)
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here Fa has been normalized in such a way that a theoretically
sotropic surface will have a value of Fa = 1, while any value less
han 1 quantifies a departure from isotropy. Note that this defini-
ion of Fa is not perfect and is based specifically on the analysis of
he histological images presented in this paper. It provides objec-
ive and quantitative information on the strength of anisotropic
ignature, but there is no indication that a random theoretical
nisotropic surface should have the cosine curve signature. One
rincipal advantage of using Eq. (9) is that it takes into account the
osition of possible features present in the pdfs of Pa(A). Indeed, a
urface for which Pa(A) shows peaks at ±�/2 will have value of Fa

reater than 1. Therefore, this definition of Fa ensures that surfaces
howing such anisotropic features that are as strong, but at differ-
nt angles than 0 and ±� will have corresponding specific values
f Fa.

. Results

.1. Synthetic surfaces

Before launching the FT and WTMM analyses on the histology
mages of soft-tissue in-growth into artificial bone implants, two
ets of 32 (1024 × 1024) images were generated, i.e., isotropic and
nisotropic synthetic surfaces, in order to calibrate both methods.
veraging the results over 32 (1024 × 1024) images is sufficient
o obtain highly accurate results, as methodically demonstrated
n previous publications [10,11,13]. We have first wavelet trans-
ormed the fBm (isotropic) and fBs (anisotropic) images with the

nalyzing wavelets given by Eq. (2), as shown in Figs. 2 and 3,
espectively. The maxima chains corresponding to the black edge
etection lines in Fig. 2 show random positioning for the simulated

sotropic images (fBm) whereas those of the anisotropic images
fBs) shown in Fig. 3 demonstrate a clear vertical tendency. This

Fig. 3. Same analysis as presented in Fig. 2, but
& Physics 31 (2009) 775–783 779

vertical behavior becomes more and more pronounced when going
to smaller scales (i.e., smaller values of a) and the corresponding
arrows converge towards a general alignment to the x-direction.
In Fig. 4, are reported the results of the computation of the pdfs
Pa(A), i.e., the histograms of the angles of the arrows shown in
Figs. 2 and 3, from the set of 32 (1024 × 1024) images of the simu-
lated isotropic (A and B) and anisotropic (C and D) rough surfaces.
In each case the pdfs are shown for four different values of the
scale parameter a. As expected, the pdfs of the angles Pa(A) pre-
sented in Fig. 4A show a flat distribution, indicating that there are
no preferential directions of intensity variations in the isotropic fBm
surfaces. In contrast, the anisotropic (fBs) images exhibit a pdf that
becomes more and more sharply peaked at two values A = 0 and
±�, in the limit that the scale parameter is reduced (i.e., when a
approaches 0, Fig. 4C). For comparison we have applied the 2D-FT
method to the same 32 fBm and fBs surfaces. Consistent with the
results obtained with the WTMM method, the 2D-FT calculated
pdfs Pa(A) for the isotropic fBm surfaces show a flat distribution
(Fig. 4B) indicating no directional preferences in their intensity vari-
ations. The pdfs associated to the anisotropic fBs surfaces become
more sharply peaked at two values A = 0 and ±� (Fig. 4D), as the
scale parameter goes to zero. It should be noted here that while
both techniques demonstrate similar behavior in the pdfs, the width
of the pdf Pa(A) features visible in Fig. 4 do vary between the two
methods.

3.2. Histological images
Following removal of sub-images that either contained implant
sections or that were scratched during sample preparation, a total
of 2999 images of (512 × 512) pixels were analyzed in this study. The
results were compiled into 9 categories, depending on the pore size
(small, medium, and large—see Section 2) and post-operative time

on 2D anisotropic fBs simulated surfaces.
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ig. 4. Pdfs as computed at different scales a = 1 (full line), 2 (♦), 4 (�), 8 (�) (in �W

sotropic surfaces, and (C) fBs anisotropic surfaces. Pdfs of the angularly resolved FT
esults obtained by averaging over 32 (1024 × 1024) images.

oints (4, 8, and 16 weeks). The anisotropy analysis was performed
n all images using both techniques. We have wavelet transformed
ll histology images and performed the same kind of WTMM analy-
is as described above. From a visual inspection of Fig. 5, one cannot
etermine whether the maxima chains show a vertical, horizontal,
r any preferential angular tendency. In Fig. 6A and C are reported
he results of the computation of only the pdfs Pa(A) for the large
ore size, 4-week and 16-week groups respectively for four dif-

erent values of the scale parameter a. The departure from a flat
istribution is a clear sign of anisotropic signature. However, unlike
he simulated anisotropic 2D fBs surface presented in Fig. 4, the
nisotropy of the soft-tissue images is not scale-dependent. For the
oft-tissue, the strength of the anisotropic signature is independent
f the size scale considered. For the four different scales presented
n Fig. 6A and C, there is no sign of change in shape for the pdfs.
his is in strong contrast to Fig. 4C, where there is clearly a change
f anisotropic signature with scale.

Since the 2D Fourier analysis is only applicable to images hav-
ng a homogeneous roughness (i.e., mono-fractal), we followed the
tandard wavelet-based multifractal analysis procedures [10–13]
nd determined that all histological images had a mono-fractal sig-
ature (data not shown). We have then applied the 2D-FT method
o all histology images and obtained the same kind of angular pdf
a(A) as from the WTMM analysis. In Fig. 6B and D are reported
he results of the computation of the pdf Pa(A) using the 2D-FT

ethod, for the large pore size, 4-week and 16-week groups respec-

ively for four different values of the scale parameter a. Again,
he departure from a flat distribution is a clear sign of anisotropic
ignature. Consistent with the results obtained with the WTMM
ethod, the anisotropy of the soft-tissue images is not scale-

ependent.
xel units). The pdfs of the WTMMM coefficients (Pa(A) vs. A) are shown for (A) fBm
cients (Pa(A) vs. A) for (B) fBm isotropic surfaces, and (D) fBs anisotropic surfaces.

3.3. Calculation of the anisotropy factor

Since the observed anisotropy in the soft-tissue histology sam-
ples does not change with scale (scale-independent), the anisotropy
factors Fa (see Section 2, Eq. (9)) have been averaged for all scales
a considered. Note that for isotropic structures, the anisotropy fac-
tor has been theoretically defined to be equal to 1 and therefore any
departure of Fa below 1 will quantify the strength of the anisotropic
signature: the smaller the value of Fa, the stronger the anisotropic
signature. Although only four different scales were presented in
Figs. 4 and 6, a total of ten different scales were used for the analy-
sis. These scales can be expressed in units of pixels as 2a�W, where
�W = 7 pixels. Note that seven is the minimum number of pixels
for the wavelet to be sufficiently resolved [10,11,13,17,18]. The scale
parameter a goes from a = 0 to a = 4.5 with increments of 0.5. This
means that the smallest and largest scales considered are 2a�W = 7
pixels and 2a�W = 158 pixels, respectively. Given a pixel size of
0.21 �m, this translates to physical sizes of ∼1 to ∼33 �m. The
averaged anisotropy factors obtained by the WTMM method and
corroborated by the Fourier analysis are listed in Table 1. Also listed
in Table 1 are the anisotropy factors calculated by both methods for
the isotropic fBm synthetic surfaces, showing a value close to the
theoretically expected value of 1. A statistical analysis of the results
presented in Table 1 shows that regardless of the pore sizes, the
anisotropic signature is strongest at 4 weeks, and then diminishes
at 8 weeks, and then diminishes even more and starts to approach

isotropy at 16 weeks. A quantitative (t-test) comparison shows that
the differences between 4 and 8 weeks, 8 and 16 weeks, as well as 4
and 16 weeks are all highly significant (>99.99%). For the small and
medium pore sizes, Fourier analysis results show a strong decrease
in anisotropy between weeks 4 and 8 and thereafter in contrast to
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Fig. 5. 2D Wavelet Transform analysis of a sample (512 × 512) sub-image taken from the large pore group, 16-week data. (A) 32-bit grey-scale coding of the original image. In
(B) a = 22.9�W , (C) a = 21.9�W (D) a = 23.9�W (where �W = 7 pixels), are shown the maxima chains; the local maxima of M along these chains are indicated by (�) from which
originate an arrow whose length is proportional to M and its direction (with respect to the x-axis) is given by A .

Table 1
Evolution of the WTMM and FT calculated mean anisotropy factors Fa (Eq. (9)) as a function of pore size and time. For comparison the average Fa values for the isotropic fBm
simulated surfaces are shown on the bottom row. From the definition of Fa , pure isotropy corresponds to a value of 1, and any value of Fa below 1 quantifies the anisotropy.
Calculations of the anisotropy factors cover a range of scales from ∼1 to ∼33 �m.

Sample description Number of (512 × 512) images Anisotropy factor

Pore size Time (weeks) WTMM FT

Mean Std Dev Mean Std Dev

Small 4 286 0.753 0.017 0.767 0.015
Small 8 364 0.886 0.044 0.918 0.033
Small 16 187 0.887 0.027 0.879 0.027
Medium 4 341 0.701 0.016 0.750 0.012
Medium 8 477 0.876 0.024 0.900 0.022
Medium 16 430 0.904 0.014 0.875 0.021
L
L
L
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t
t
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s

4

i

arge 4 231
arge 8 368
arge 16 315
sotropic fBm – 32 (1024 × 1024)

TMM, a slight loss of isotropy. Although there is a difference in
he mean results, given the magnitude of the standard deviation,
his difference is not likely to be significant. The statistical analysis
urther shows that no correlation exists between the anisotropic
trength and pore size. In order to further investigate these results,
orrelations between anisotropy and pore size were sought, but
ithin each individual animal in order to eliminate the probabil-

ty of having one animal having reacted drastically differently than
thers. Such further investigation yielded similar results (data not
hown).
. Discussion

The characterization of soft-tissue in-growth into porous metal
mplants relies primarily on mechanical testing and secondarily on
0.762 0.020 0.771 0.017
0.827 0.016 0.852 0.021
0.925 0.019 0.915 0.016
0.987 0.013 0.969 0.019

qualitative histological analyses [2,3]. We set out to characterize the
structure of soft-tissue in-growth into alumina ceramic implants
of different pore sizes and at different post-operative time points
by objective and rigorous mathematical analysis of histological
images. Recognizing the limitations of the Fourier power spectrum
approach in terms of its inability to characterize heterogeneity in
rough surfaces [10–13], the 2D Wavelet Transform Modulus Max-
ima method was adapted and used. The Fourier analysis method
was used as a complementary approach to add robustness to the
results and to ensure that the findings are method independent.

The consistency of both methods was first verified by calibration on
isotropic and anisotropic synthetic surfaces. It is important to note
that the synthetic anisotropic surfaces should not be directly com-
pared to the actual soft-tissue images. Indeed, standard structural
anisotropy like the one found in the fractional Brownian sheet (fBs)
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ig. 6. Pdfs of the WTMMM coefficients as computed at different scales a = 1 (ful
escribed by Eq. (2). Pa(A) vs. A for large pore 4-week group (A), and large pore 16-w
for large pore 4-week group (B), and large pore 16-week group (D). These results

hown in (A) and (B) correspond to the cosine function used in Eq. (9) from which t

odels presented here are scale-dependent in that the strength of
he anisotropy increases with decreasing spatial scale. Moreover, a
uick visual inspection clearly indicates that the fBs structure does
ot resemble that of the histology images. However, they proved to
e perfectly adequate for calibration purposes. For all results pre-
ented in this paper, both the WTMM and Fourier analysis yield
ery similar results, which is a strong validation that the robust
uantitative information reported here is indeed valid. Both meth-
ds exhibit sensitivity for anisotropy in both the simulated images
nd the histological images.

One important factor for this study was the quality of the images
sed for the analysis. The samples were fixed in formalin, embedded

n Technovit and stained with H&E and toluidine blue. We believe
hat these processing choices had minimal effects on the quality of
he images for this study. The image analysis was based on detect-
ng the signature of the extracellular matrix, which is mostly type I
ollagen. Although commercial formalin is not ideal for the fixation
f all samples, it is indeed adequate for fixation of the extracellu-
ar matrix in this study. The choice of stain used to visualize the
xtracellular matrix does affect the strength of the signal received.
owever, because the samples were embedded in Technovit, the

hoice of stains was limited. The lab has routinely used toluidine
lue and H&E for the staining of extracellular matrix components

n plastic-embedded samples, and does not believe the choice of
tain significantly affected the outcome of this study.

All histological images analyzed in this study exhibited an

nisotropic signature, for all size scales considered, i.e., from ∼1 to
33 �m. The images analyzed, however, do not seem to have differ-
nt anisotropic signatures as a function of pore size, indicating that
he pore size may or may not have an influence on the structural
rowth characteristics of the soft-tissue. Such a structural differ-
, 2 (♦), 4 (�), 8 (�) (in �W = 7 pixel units) with the first-order analyzing wavelets
oup (C). Pdfs of the 2D-FT coefficients as computed at the same four scales. Pa(A) vs.
pond to averaging over 231 and 315 (512 × 512) images, respectively. Dotted curves
sotropy factor is calculated.

ence associated to the artificial implant pore size, if it exists, is not
correlated with the strength of the anisotropic signature character-
ized from the histology images. However, both techniques do show
that from the calculated anisotropy factor, there are clear and robust
signs of a structural evolution as a function of time. The anisotropy
is very strong at 4 weeks (low values of the anisotropy factor),
but weakens substantially after 8 and 16 weeks (values closer to 1,
isotropy). Our hypothesis is that after only 4 weeks, the soft-tissue
has essentially grown directly (vertically) into the artificial implant,
i.e., from the exterior towards the center of the implant, which
would be responsible for the strong anisotropic signature. After 8
weeks, and even more so after 16 weeks, the tissue is likely to have
developed a random tree-like structure and has begun growing and
strengthening in all directions (weaker anisotropic signature). This
is consistent with previous findings regarding tissue in-growth into
porous implants. As implantation time progresses, the density and
organization of the tissue inside the pores increases [2], with col-
lagen deposition increasing as the tissue matures [22]. As such, at
early time points the main tissue growth activity is concentrated
on populating the artificial implant (growing towards the center)
while at later time points the tissue is strengthening its structure
by filling in the remaining volume, growing in random directions.

The implant material is a hollow porous structure that is placed
on “top” of the subcutaneous tissue layer. At the time of wound clo-
sure, the pocket was closed and the block was in an initial milieu of
blood, and with time over the course of a few days, a serous/plasma

rich solution. The initial blood is expected to form to some degree a
fibrin clot in and around the lattice of the implant, and the follow-
ing serous plasma would deliver the pleuripotential growth factors
that are thought to initiate the in-growth process. The immuno-
histochemistry of these blocks demonstrated that the pores from
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weeks onwards are filled with extensive tissue that is Type I col-
agen. The precise time frame prior to 4 weeks when this occurs
s unknown but we have initiated further experimental models in
ttempt to determine how early this collagen deposition occurs and
o define the specific growth factors that demonstrate increased
xpression to hopefully define the factors that are key to this process
nd look at them more closely.

The eccentricity of the alumina implants before loading was
bout 1.2–1.4 (ratio of longest pore length to smallest). Because all
f the implants were produced using a similar technique and the
ccentricity is the same for them all, this should not have an effect
n the conclusions made in our study.

.1. Future work

It will be interesting to determine what is the ideal anisotropic
tructure from analyzing native tissue. Characterizing such an
nisotropic signature will be the first step towards better under-
tanding the biophysical mechanisms responsible for soft-tissue
n-growth. Once these mechanisms are better understood, struc-
ural anisotropic models will be developed and translated to
lgorithms for generating more realistic anisotropic rough surfaces
han the fractional Brownian sheets. It is interesting to note that
he scale-independent anisotropic signature found in the histol-
gy images presented here is similar to the observed anisotropic
ignature found in the Galactic inter-spiral-arms formed of hydro-
en gas [13,19], which definitely suggests that some unknown fluid
ynamics are responsible for producing such a structural signature.
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