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Abstract: Novel surface coatings of percutaneous implants
need to be tested in biocompatibility studies. The use of
animal models for testing usually involves numerous lethal
biopsies for the analysis of the implant-tissue interface. In
this study, optical coherence tomography (OCT) was used to
monitor the reaction of the skin to a percutaneous implant
in an animal model of hairless but immunocompetent
mice. In vivo optical biopsies with OCT were taken at days
7 and 21 after implantation and post mortem on the day of
noticeable inflammation. A Fourier-domain OCT was pro-
grammed for spoke pattern scanning schemes centered
at the implant midpoint to reduce motion artifacts during
in vivo imaging. Image segmentation allowed the auto-
matic detection and morphometric analysis of the skin
contour and the subcutaneous implant anchor. On the
basis of the segmentation, the overall refractive index of
the tissue within one OCT data set was estimated as a free
parameter of a fitting algorithm, which corrects for the
curved distortion of the planar implant base in the OCT
images. OCT in combination with the spoke scanning
scheme and image processing provided time-resolved
three-dimensional optical biopsies around the implants
to assess tissue morphology.
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Introduction

Percutaneous implants are used for the osseointegrated fix-
ation of exoprostheses to provide more physiological load
transmission onto the skeleton of the patient than conven-
tional stump-socket interfaces do [21]. The implant-tissue
interface where the prosthesis penetrates the skin is prone
to inflammation, which can lead to implant failure [24]. To
avoid inflammation, different implant designs and coat-
ings were developed and tested in biocompatibility studies
in animal models [19, 20, 24]. Morphological features such
as epithelial downgrowth and the inflammatory response
were analyzed in histological images obtained from tissue
sections [6]. One drawback of the study protocol is the high
animal consumption for the time-dependent monitoring of
foreign body reaction. Another limitation arises from the
embedding and preparation artifacts during histological
procedures, which limits the number of sections avail-
able for quantitative analysis [6]. Using non-contact in vivo
imaging for postoperative monitoring of the implant-tissue
interface would lead to a more efficient study protocol with
reduced animal numbers. Optical coherence tomography
(OCT) was developed as a non-invasive imaging technique
to provide optical biopsies of tissue [8]. Fourier-domain
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OCT (FD-OCT) is based on low-coherence spectral inter-
ferometry [3] and was shown to be an effective tool for
imaging the skin [4, 5] and for the measurement of thick-
nesses of the primary layers of the skin [14, 26].

In this study, FD-OCT was used in parallel to a conven-
tional biocompatibility study, testing percutaneous devices
in a hairless mice animal model to gain information about
tissue morphology, which is complementary to the end-
point biopsies. OCT enables the non-invasive monitoring
of the implant-tissue interface at various time points in the
same animal at arbitrary positions on the circular implant.
With the in vivo setting of the experiment, the challenge of
motion artifacts in the OCT images arises due to breathing
and pulse of the animals. Depending on the sample and
motion characteristic, different concepts for motion com-
pensation either during image acquisition or by means of
image postprocessing have been published for OCT appli-
cations. Methods used during image acquisition include
increasing the imaging speed to reduce acquisition time
[11], triggering acquisition by synchronization of OCT data
with an independent measurement of the phase of the res-
piratory cycle [15], and adapting the scanning scheme to
the individual application [16]. In accordance with recent
publications [13], we observed that the effect of motion
artifacts is significantly smaller in single brightness scans
(B-scans) (fast scanning axis) than in subsequent B-scans
forming classic three-dimensional (3D) stacks. Therefore,
we applied a spoke scan pattern especially suited for the
circular geometry of the implant, in addition to 3D dense
scans for each sample. Artifact reduction by image post-
processing concentrates on intensity-based image reg-
istration [9] or feature-based image registration [13]. In
intensity-based registration methods, the challenge of dis-
tinguishing between sample movement and real surface
structure arises. By applying the dense and spoke pattern
scanning schemes to the same sample, each lateral point
was scanned at different time points. Thus, shifts are due
to sample motion as the sample structure stays the same.
This assumption was used in our previously published
algorithm [17] to correct spoke pattern images for motion
within the acquisition time of single B-scans.

A subsequent problem addressed in this study is
the estimation of the refractive index of the tissue by ray
tracing the OCT beam to the original source of scatter-
ing. In principle, the refractive index can be computed
if the geometrical thickness is known, as demonstrated
by Tearney et al. [22]. In their study, the refractive index
of excised human dermis was determined by placing the
tissue on a planar reference plane and analyzing the OCT
image. The same approach was used by Uhlhorn et al.
[23] to estimate the refractive index of isolated crystalline
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lenses and was extended by correction for ray refraction
on the sample surface by Westphal et al. [27] and Kim et al.
[10]. In our study, the flatness of the base of the implant
served as a figure of merit in estimating the refractive
index without a priori knowledge of the geometrical axial
position. The overall refractive index was used to measure
the geometrical tissue thickness in OCT images and was
also investigated as a potential indicator of inflammation.

Materials and methods

Animal model

The animal experiment was conducted in accordance with
German federal animal welfare legislation (Ref.-No. 33.9-
42502-04-08/1498) and the National Institute of Health
guidelines for the use of laboratory animals.

Immunocompetent hairless mice (type Crl:SKH1-hr;
Charles River Laboratories, Sulzfeld, Germany) were used
to study the biocompatibility of percutaneous implants
and to monitor the possible inflammatory response of the
skin. The percutaneous implants that were used in this
study consisted of a round anchor and a 3-mm-thick and
5-mm-long pin in the middle (see schematic in Figure 1).
These were inserted into a percutaneous location caudal
to the left costal arch of the mice. The base implanted
under the skin contained eight holes allowing the tissue
to grow in. The pin was located transcutaneously.

During implantation and OCT measurements, the
mice were anesthetized by intraperitoneal injection of 2%
xylazine (10 mg/kg body weight; Rompun; Bayer Health
Care, Leverkusen, Germany) and 10% ketamine (100 mg/kg
body weight; KetaminGraeub; Albrecht GmbH, Aulendorf,
Germany). To avoid hypothermia in the mice, the animals
were fixed on a custom-made animal-positioning table

3 mm

Pin of the implant
(transcutaneous)

Base of the implant
(subcutaneous)

Figure1 Schematic of the percutaneous implant (left) and a
photograph of the implanted pin (right).

The implant consists of a transcutaneous pin and a subcutaneous
base.
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equipped with a heating pad. The table also restricted
the movement of the mice and could be tilted to align the
implant in the optical path of the sample beam. In vivo
OCT scans were taken at days 7 and 21 after implantation.
After visible signs of inflammation, e.g., redness or swell-
ing of the skin, next to the implant, mice were sacrificed
and post mortem OCT scans were taken. The implants with
the surrounding skin were then explanted.

OCT setup

The optical setup of the custom-developed FD-OCT system
is shown in Figure 2. A superluminescent diode (SLD)
(SLD-371-HP1; Superlum, Carrigtwohill, Ireland) emit-
ting light with a central wavelength of 1 =841.3 nm and
a spectral bandwidth of A\=477 nm (full width at half
maximum) was used and defined the theoretical axial res-
olution of the system to be 6.6 um (assuming a Gaussian
light source spectrum). The light is coupled into an optical
fiber and guided to the scanning head where it passes
through an interferometer. Two galvanometer-mounted
mirrors (6210H; Cambridge Technology, Lexington, MA,
USA) scan the sample beam with an A-line-rate of 8 kHz.
The objective has a focal length of 25 mm and determines
the lateral resolution of 8.7 um. The light reflected by the
scattering structures of the sample and the reference light
are merged and coupled into the fiber. A fiber circulator
directs the light to a spectrometer while isolating the SLD
against back reflections. In the spectrometer, the light
is dispersed by a diffractive grating (NT55-262; Edmund
Optics GmbH, Karlsruhe, Germany) and focused onto a
2048 pixel (px) charge coupled device (CCD) line camera
(runner ruL2048-30gm; Basler AG, Ahrensburg, Germany).
The scanning head is equipped with an additional com-
plementary metal-oxide semiconductor camera (Firefly
MV; Point Grey Research Inc., Richmond, BC, Canada)
for monitoring of the positioning of the sample, for the
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acquisition of top-view images and to select the region of
interest (ROI) before the start of the OCT scan.

Image acquisition modes

The OCT system was programmed for three different scan
patterns: (I) preview cross scans; (II) a 72-spoke pattern,
centered at the midpoint of the pin; and (III) a dense
volume scan.

Video images and mode (I) perpendicular B-scans,
crossing each other in the middle of the ROI, were dis-
played continuously for sample alignment. By moving the
OCT scanning head, the midpoint of the ROI was centered
at the midpoint of the circular implants. The symmetry
axis of the implant was aligned to be parallel to the optical
axis to avoid shadowing by the percutaneous pin and to
minimize the skew of the implant base.

For subsequent OCT data recording, an ROI of 6 mm x
6 mm with a lateral distance of the amplitude scans
(A-scans) of 7.5 pm/px and 4.7 pm/px axial sampling in air
was chosen. Data sets were recorded by mode (II) spoke
pattern and mode (IIT) 3D stacks for each sample. Addi-
tionally, top-view camera images were saved for docu-
mentation of sample alignment and ROI.

Motion compensation

Axial sample motion within the acquisition time of one
B-scan needs to be corrected before image undistortion
for in vivo OCT images. To distinguish sample shape from
movement, data from 3D stacks and spoke pattern were
combined, creating multiple A-sans of the same position
at different time points. Their axial displacement was
interpreted to be sample motion due to the shape staying
the same. Motion correction was based on the assumption
of the similarity of adjacent A-scans within one B-scan

Scanning head
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Figure 2 Optical setup of the FD-OCT system.

SLD, superluminescent diode; OC, optical circulator; PC, polarization controller; L1-L7, lenses; BS, beam splitter; SC, scanning mirrors;
DM, dichroic mirror; S, sample; CAM, video camera; FP, silver-coated folding mirrors; M, silver mirror; DG, diffractive grating; FM, folding

mirror; CCD, line scan camera.
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and correlating A-scans taken at the same position at dif-
ferent time points, as described in detail by Miiller et al.
[17].

Image undistortion

OCT B-scans are formed by A-scans, representing the
reflectivity profile at a certain lateral position of the
sample. All axial distances are in optical path lengths
and therefore need to be corrected by the refractive index
to gain images with geometrical dimensions. Additional
image deformation is caused by refraction of rays travel-
ing through material. The strongest refraction occurs
when the beam penetrates the surface of the sample
as there is the highest refractive index step. Because of
these effects, the base plate of the implant occurs as a
deformed line in the B-scans due to refraction of the
beam by the tissue above the metal plate. This is used to
gain information about the refractive index of the tissue
and simultaneously correct the images for geometrical
distances.

As the mouse skin is an uneven surface, a 3D
approach needs to be applied. Regardless of the layered
structure of the skin, a constant refractive index within
the tissue is assumed. Even though the geometrical depth
of the implant base is unknown for a single A-scan, the
flat shape of the plate allows the assumption that the base
reflection forms an even plane in the whole 3D data set.
Customized image processing routines were established to
correct the images and estimate an overall refractive index
of the tissue.

First, owing to the absence of useful image informa-
tion, the area where the implant pin is located is excluded
from the volume image. To this end, the pin boundaries
are detected by calculating the first partial derivative
of the gray value image intensities along the x-axis for
each B-scan using a Sobel filter. The absolute values are
summed over each A-scan, which leads to a 2D accumu-
lated image, wherein the pin boundary is obtained by
ellipse fitting using the method of Xie [28] with slight
modifications, which are described in more detail by
Miiller et al. [18].

In the next image processing step, the skin surface
needs to be segmented. Markov random fields [12] were
used. The skin is modeled as a smooth membrane f(X,
Y)=Z, having no discontinuities except for the hole at the
pin position. See Miiller et al. [18] for a detailed description.

After segmentation of the skin surface, a surface
normal at each lateral position is derived to apply Snell’s
law of refraction. Before the approximation of the surface
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normal, the skin is smoothed by using the Loess regres-
sion [2]. To this end, for each skin sample point, a surface
regression with a second-order polynomial is applied by
considering its local neighbourhood with fixed radius. The
neighborhood span is chosen to be 1/10 of the X-/Y-axis
range. The surface normals are then calculated using the
first partial derivatives of the regression polynomials at
its origin. The computed normals are shown as blue line
segments in Figure 3A. In the next step, each A-scan is
tilted below the skin surface for a set of possible refractive
indices. For correct ray tracing, the refractive index n’ has
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Figure 3 (A) B-scan with segmented skin surface (red contour),
approximated surface normals (blue), and resulting ray refraction
(yellow) for a given refractive index n. (B) B-scan with segmented
skin contour (red) and examples of deformed contours for possible
configurations of the parameters n’, z, 6 , and 6, where pink lines
are examples for low z and blue for high zvalues. The highest agree-
ment of deformed contour and implant-baseline reflex is computed
by parameter estimation using a generalized Hough transform. (C)

A subspace of the Hough transform accumulator array for the vari-
ables n’, z, whereas 6 _and 6, were kept constant.
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to be known. To model the base contour, some additional
parameters such as the geometrical depth of the implant
base z and tilt angles of the implant base 6 and 0, have
to be estimated. A cost problem in four dimensions, which
represents the four parameters z’, n’, 6 and Oy, is solved
by a generalized Hough transform approach [1], as shown
in Figure 3C. The parameters are first discretized to span a
four-dimensional accumulator array T (z, n’, 6, Gy). Each
accumulator array entry T (z, n'®, 6", 0(;)) represents
one possible contour ¢ [parameterized by (z?, n'?, 6",
O(yi) ) of the implant base in the OCT volume data set]. The
value of this entry represents the support of the contour in
the OCT volume. The higher the value, the more likely the
parameters corresponding to the array entry describe the
true implant base contour. As the implant base contour is
characterized by an edge in the OCT scans along the lateral
direction, a Sobel edge filter is used, giving high absolute
pixel intensities at edges along lateral directions such as
the baseline contour and low pixel intensities otherwise.
For each array entry T (z7, n'®, 6", 0;”), its value is
computed by incrementing and accumulating its entry
value for each edge pixel intersecting the contour c¢® with
parameters (z, n'?, 6", 6;”) of a certain amount, which
is usually set to 1. In our approach, we increment the value
by the absolute edge pixel intensity for better discrimina-
tion of weak and noisy edges.

The geometrical depth z is sampled in one pixel step
size, n’e[1.3 ... 1.5] in 0.01 steps and 6", 9(;’ e[-5...5]in
half-degree steps. For each possible hypothetical refractive
index, undistortion of the image is performed as shown in
Figure 3B for some examples, n’, 0, 0 B represented by the
pink, purple and blue line sets. The maximum in the accu-
mulator array T (see Figure 3C, showing a subspace in n’,
z whereby the other parameters are constant) yields the
optimal parameters (z, n’, 0, Hy) from which the geometri-
cally corrected image is computed.

Results

Imaging skin morphology with OCT

An excerpt of a data set from one mouse is presented in
Figure 4. The top-view camera images on the left side show
the surface of the skin and the pin of the implant in the
middle. The green canvas indicates the ROI of the OCT
scan. The green and blue lines in the camera images label
the position of the presented B-scans. In the OCT scans, the
boundaries of the implant pin are shown. The first reflec-
tion at the skin surface marks the epidermis. The deeper
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Figure 4 Top-view images (left, scale baris 1 mm) and OCT B-scans
(inverted gray scale: dark color represents high reflectivity; scale
bar, 500 pm) at the labeled positions.

Image (A) was acquired in vivo on day 7 after implantation and
shows the same position like the B-scan in (B) from day 21. The
solid-line arrows indicate the gap between implant and skin. Image
(C) was taken on day 21 at the later inflammation site and shows
early changes of the tissue structure (left part, indicated by dotted-
line arrows). Section (D) demonstrates the post mortem B-scan of
the same region. Inflammation is visible from tissue swelling and
progressive tissue structure changes (dotted-line arrows). Axial
dimensions are not corrected for the refractive index.

dark region represents the dermis. The curved black reflec-
tion under the skin shows the base of the implant.

The camera image and OCT B-scan presented in
Figure 4A were acquired on day 7 after implantation.
While the right-hand side shows an example of normal
skin morphology at the left-hand side, the hole for the
implant was cut too wide, causing a gap between tissue
and pin. The implant base was scanned by the OCT
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sample beam. The next scan was taken on day 21 after
implantation and shows the healing process (Figure 4B).
The second B-scan from the data set of day 21 was chosen
to show the later inflammation site (Figure 4C, left side
of the OCT B-scan). The epidermis was thicker and the
structure of the deeper tissue parts was no longer visible.
Inflammation was observed on day 52. One OCT scan from
the region of inflammation is presented in Figure 4D. The
tissue appears much less structured and an overall swell-
ing of the tissue is obvious.

Adapted scanning scheme

The axial motion of the sample caused by breathing and
the pulse of the sedated mice generated motion artifacts
in the case of in vivo scans. This motion is hardly visible in
single B-scans as the acquisition time is relatively small,
as shown in Figure 5A. The total acquisition time increases
for many consecutively taken B-scans and therefore more
motion cycles are captured. Shifts and rotations of the sur-
faces create blurring of the overlay image of five adjacent
B-scans from a mode (III) classic 3D data set in Figure 5B.
To investigate the implant-tissue interface at several posi-
tions around the implant, digital reslicing of the 3D data
stack [mode (III) dense scan] at different angles is neces-
sary. A reslice of the in vivo 3D data set taken perpendicu-
lar to the fast scan axis is shown in Figure 5C. Motion arti-
facts caused a distortion of the surface contour and a loss
of information in the reslices.

Acquisition of B-scans using a spoke pattern [mode
(II) scanning scheme] generates 2D optical sections with
significantly reduced motion artifacts at arbitrary angular
positions, as shown in an example B-scan in Figure 5D.

Image processing

Figure 6 shows the results of image processing of the
original B-scans (A) without (B) and after motion com-
pensation (C). In the original images, the implant base
appears as a curved line because of the refraction of the
sample beam at the tissue surface and the refractive index
of the tissue. The image undistortion algorithm searches
for the highest support of a base plane with the implant
base reflex within the full 3D data set. The comparative
images in Figure 6B and C illustrate the need for motion
correction before image undistortion. As without motion
compensation, most of the true implant baseline was
missed because the motion shift occurring throughout
several B-scans was not taken into account. The algorithm
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Figure 5 OCTimages with inverted gray scale; dark color repre-
sents high reflectivity.

Scale: the pin of the implant in the middle of the image (lack of
image information) is 3-mm wide. Three-dimensional data sets were
acquired by scanning the area sequentially. (A) Single OCT B-scan
and (B) overlay of five adjacent B-scans from an in vivo 3D scan.

(C) Reslice of an in vivo 3D data set sliced perpendicular to the fast
scan axis. Artifacts are due to sample movements. (D) In spoke
pattern scans, the fast scanning axis is rotated.

calculated an overall refractive index of 1.39. For each
A-scan image, data beneath the upper surface of the skin
were tilted towards the local surface normal and the axial
length was scaled by the refractive index. In the processed
B-scan, the implant base appears now as a straight line
(Figure 6C). Its geometrical height can be measured in
further image processing steps.

Quantitative analysis of OCT B-scans at the
implant-tissue interface

For quantitative analysis, three morphological param-
eters were assessed by the image processing algorithm.
The distance to the pin was the gap between the implant-
tissue interface and the highest point of the skin surface.
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Figure 6 The result of image processing is shown on a sequence of spoke pattern B-scans.

(A) Unprocessed images; (B) image processing without motion compensation; and (C) image processing after motion compensation. In
the original B-scans (A), the base of the implant appears as a curved line. In images (B) and (C), the red line marks the segmented surface
contour and the blue line refers to the estimated position of the base line. In image (C), these lines show better accordance with the base
line reflexes than in the images without motion compensation (B). n=1.43.

Downgrowth was defined as the distance from that point
to the outer rim of the pin. Tissue thickness was measured
from the highest point of the skin surface down to the base
of the implant. Analyzing a spoke pattern data set with
72 B-scans, the parameters were measured for 144 posi-
tions around at the implant-tissue interface. As labeled in
Figure 7A, 0° is the position at the left side of the pin and
180° defines the opposite side, being represented in the
same B-scan. In Figure 7C, the morphometric parameters
for one mouse at day 26 after implantation are displayed
graphically. The distance to the pin and epithelial down-
growth significantly increased in a small area localized at
the inflammation site. The tissue thickness is found to be
increased for a larger area covering half of the implant-
tissue interface. The B-scan in Figure 7B reveals a posi-
tion of raised tissue thickness, the distance to the pin, and
downgrowth at the right side.

Discussion

OCT was used for in vivo monitoring of implant-tissue
interfaces. This non-contact optical technique enabled
observation of the morphological changes due to, e.g.,

inflammation, without impairing the biological mecha-
nisms. Repetitive measurements on the same animal were
possible and allowed for the monitoring of the ongoing
immune reaction, as the animals did not need to be killed
like in previously published work [6].

Having a resolution of approximately 10 pm, OCT does
not reach cellular resolution but is still able to visualize
skin layers. Its resolution fills the gap between histology
and clinical imaging modalities such as sonography or
X-ray and therefore is more capable for in vivo investiga-
tion of percutaneous devices than, e.g., the X-ray photo-
graphs used by Shin and Akao [20].

The general problem of motion artifacts is partly
solved by implementing a scanning scheme that uses the
fast scanning axis for rapid acquisition of cross-sectional
images of the desired planes around the metal implant.
Residual axial sample movement within the acquisi-
tion time of one B-scan did not hinder qualitative analy-
sis and morphology visualization as all tissue layers are
equally deformed. Motion during the acquisition time of
one A-line caused reduced signal-to-noise ratio owing to
the fringe washout of the interference signal during the
integration time of the global shutter line detector, as
described by Yun et al. [29] as well as by Walther et al.
[25], and might have caused the poor image quality of
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Figure 7 Cameraimage (A), B-scan (B), and morphometric param-
eters (C) for one mouse. Position markers in the camera image
reveal the angular positions of the morphological parameters. In the
B-scan (at position 5° left side and 185° right side), the morpho-
metric parameters are drawn in schematically. The graph shows

the measured parameters of downgrowth, distance to the pin, and
tissue thickness. The arrows indicate the corresponding values for
the B-scan above.

some B-scans. However, apart from qualitative analysis,
a quantitative analysis is desirable to gain objective data
and analyze large data sets. Before quantitative analysis,
we addressed the problem of image distortion due to ray
refraction in the sample.

The ability of OCT to measure optical path differences
was first used to measure refractive index of excised skin
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