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The first three-dimensional (3D) reconstruction was per-
formed by Born (1883) and His (1885) using serial sections.
Since then, a variety of reconstruction techniques have been
developed, and the construction of physical models has
become important in anatomy. The first computer-aided 3D
reconstruction was achieved by Glaser and Van der Loos
in 1965. With the improvements in both computer hard-
ware and software tools, computerized modelling of anatom-
ical structures has become very useful for visualizing com-
plex 3D forms. Three-dimensional visualization of various
microanatomic structures using special preparation and
staining methods is important. Devices used for this purpose
such as MicroCT, microMRI, SEM, and Confocal microscopy
and so forth. are development parallel to the technological
advances and give excellent 3D images, and it allows a better
understanding of gross and microanatomic structures. On
the other hand, first studies on cross-sectional anatomy date
back to the 16th century. The widespread use of cross-
sectional imaging techniques such as CT and MRI has gained
an increasing importance in sectional anatomy. The most
known cadaveric cross-sectional study, the visible human
project, is an outgrowth of the National Library Medicine.

In this special issue, we reviewed and edited seven articles
on three-dimensional imaging and modeling of anatomic
structures, sectional and radiological anatomy, and staining
techniques.

K. K. Schmid (University of Nebraska, USA) Marx
and Samal (University of Nebraska-Lincoln, USA) discussed
three-dimensional regression, a technique that can be used

for mapping images and shapes that are represented by sets of
three-dimensional landmark coordinates, for comparing and
mapping 3D anatomical structures in their research paper.

Y. Hoshino and coworkers (University of Pittsburgh,
USA) reviewed previous research about image analysis of the
anterior cruciate ligament (ACL) anatomy and its application
to ACL reconstruction surgery. They concluded that three-
dimensional image analysis of the ACL anatomy and its
application to the navigation system is becoming more pre-
valent and reliable for advancing the anatomic studies related
to the native ACL and the ACL reconstruction procedure.

A. Arencibia et al. (Veterinary Faculty, University of
Las Palmas de Gran Canaria) investigated imaging features
of the temporomandibular joint (TM]J) using computed
tomography and magnetic resonance imaging in two normal
camels. They stated in conclusion that CT is an excellent
method for the detailed assessment of the bony structures,
and MRI is a valid imaging modality for the evaluation of
the soft tissues. Processing of CT and MR images allowes to
appreciate different bone structures and soft tissues of the
TMJ, assisting in the interpretation of the images.

J. A. N. Buytaert and colleagues (University of Antwerp
and Ghent University, Belgium) discussed the first imple-
mentation of (laser) light-sheet-based fluorescence micro-
scopy (LSFM) to image biomedical tissue in three-dimen-
sional orthogonal plane fluorescence optical sectioning mi-
croscopy (OPFOS). They have shown with several applica-
tions that the OPFOS (and derived) methods are a valuable



addition for sectional imaging and three-dimensional mod-
eling of anatomic structures.

The review paper entitled “Ultrahigh voltage electron
microscopy (UHVEM) links neuroanatomy and neuroscience/
neuroendocrinology” by H. Sakamoto (Okayama University,
Japan) and M. Kawata (Kyoto Prefectural University of
Medicine, Japan) stressed that UHVEM and light microscopy
are useful and powerful tools for studying molecular and/or
chemical neuroanatomy at the ultrastructural level.

D. R. Marker et al. (The Johns Hopkins Hospital and
University School of Medicine, Weill Cornell Medical Col-
lege, USA) discussed strategic improvements for gross ana-
tomy web-based teaching in their research paper. To better
meet the expectations of gross anatomy students, electronic
radiology teaching files for first-year coursework were orga-
nized into a web site. The web site was custom designed to
provide material that directly correlated to the gross anatomy
dissection and lectures. Quick links provided sets of images
grouped by anatomic location. Their findings suggest that
a well-organized web portal can provide a user-friendly,
valuable educational resource for medical students who are
studying gross anatomy.

Finally, Herber and coworkers (University of California,
USA) in their study entitled “Imaging an adapted den-
toalveolar complex” used micro-X-ray computed tomography
combined with 3D modeling using image processing, scan-
ning electron microscopy, fluorochrome labeling, conven-
tional histology (H&E, TRAP), and immunohistochemistry
(RANKL, OPN) to elucidate the dynamic nature of bone, the
periodontal ligamentspace, and cementum in the rat peri-
odontium. They concluded that studies focusing on a func-
tional rat dentoalveolar complex should acknowledge the
baseline phenomena of bone-PDL-cementum adaptation,
especially in regards to the physiological distal drift, before
additional experimental variables are imposed.

We hope that this special issue will contribute as a stimu-
lus for further research into three-dimensional imaging and
modeling of anatomic structures, sectional and radiological
anatomy, and staining techniques. We are very grateful to the
contributing authors for their scientific contributions to this
special issue. We also thank the reviewers who spend their
valuable time and thoughts on each paper. We appreciate
the Hindawi Publishing Corporation for their help in the
guidance of the procedure.

Tuncay Peker
Nadir Giilekon
Ilkan Tatar
Levent Sarikcioglu
David Kachlik
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Adaptation of a rat dentoalveolar complex was illustrated using various imaging modalities. Micro-X-ray computed tomography
for 3D modeling, combined with complementary techniques, including image processing, scanning electron microscopy,
fluorochrome labeling, conventional histology (H&E, TRAP), and immunohistochemistry (RANKL, OPN) elucidated the
dynamic nature of bone, the periodontal ligament-space, and cementum in the rat periodontium. Tomography and electron
microscopy illustrated structural adaptation of calcified tissues at a higher resolution. Ongoing biomineralization was analyzed
using fluorochrome labeling, and by evaluating attenuation profiles using virtual sections from 3D tomographies. Osteoclastic
distribution as a function of anatomical location was illustrated by combining histology, immunohistochemistry, and tomography.
While tomography and SEM provided past resorption-related events, future adaptive changes were deduced by identifying matrix
biomolecules using immunohistochemistry. Thus, a dynamic picture of the dentoalveolar complex in rats was illustrated.

1. Introduction

The load-bearing bone is a dynamic tissue and continuously
adapts to changes in loads [1]. In the periodontium, the
cementum of a tooth is attached to the alveolar bone by the
periodontal ligament (PDL), and the root is contained within
the alveolar bone socket. Cementum and bone are calcified
tissues of similar chemical composition, but cementum is far
less dynamic [2]. The vascularized and innervated PDL con-
sists of basic constituents that resist and dampen mechan-
ical loads. Different types of collagen and noncollagenous
proteins including polyanionic water attracting molecules,
the proteoglycans (PGs), all of which accommodate cyclic
occlusal loads of varying magnitudes and directions. Unlike
other ligaments within the musculoskeletal system, the blood
vessels in the PDL are continuous with blood vessels in the
endosteal spaces of bone [3]. Although PDL and bone are
two dissimilar tissues in physical and chemical properties,
the continuity formed by blood vessels enables a flow of
nutrients and maintains cellular activity responsible for PDL
turnover and bone remodeling and modeling. Development
and growth superimposed with functional loads [4] may

cause posterior lengthening of the rat jaw [5], and can
contribute to PDL turnover, bone remodeling, and load-
related modeling during the lifespan of a rat. As a result, rat
molars are thought to exhibit an inherent distal drift [6], but
this theory continues to be controversial [7, 8]. Regardless,
the drift of the molars causes bone resorption located on
the distal side of the root and bone formation on the mesial
side. In this study, the distal side of the root and the adjacent
alveolar bone will be referred to as the distal root bone
complex (bone resorption side), and the mesial side of the
root and adjacent bone as the mesial root bone complex
(bone apposition side). Specific to this study are the various
imaging modalities implemented to investigate the physical,
chemical, and biochemical changes reflective of distal drift in
a rat bone-PDL-cementum complex.

Numerous studies in dental research have used the rat
periodontium as a model to investigate adaptation of bone,
PDL, and root due to perturbations, such as disease [9] and
extraneous loads [10]. The perturbations could affect the
bone-PDL and cementum-PDL attachment sites. Hence, it is
important to know the baseline parameters in the rat model
before additional variables are imposed. In this study, we



present an overview of commonly used imaging methods
to investigate calcified tissues and the PDL, while addressing
the plausible artifacts during specimen preparation, imaging,
and postprocessing of experimental data.

Micro X-ray imaging is a popular method, as it provides a
three-dimensional (3D) representation of organs and tissues.
Micro X-ray imaging is used to study the internal architec-
ture of bone [11], tooth [12], and the bone-PDL-cementum
complex [3], along with resorption-related changes of the
root [13]. Additionally, X-ray attenuation maps can be
related to mineral density variations within calcified tissues
[11].

Scanning electron microscopy (SEM) is used to study
tissue architecture at a relatively higher resolution. In this
study, SEM was used to identify resorbed bone [14] and root
[15] morphology. Although not used in this study, the higher
resolving power of a transmission electron microscope
(TEM) provides information about the inorganic crystal
type and morphology within a tissue matrix [16]. While
most conventional SEM and TEM operate under high
vacuum mode, an atomic force microscope (AFM) can image
site-specific regions within tissues at ambient conditions,
facilitating nanoscale and microscale observations of tissue
architecture under hydrated conditions [17] with minimum
specimen preparation [18]. AFM coupled with a nanoin-
dentation transducer can be used for mapping site-specific
mechanical properties of tissues and their interfaces [3].

Various spectroscopy techniques, including Fourier
transform infrared spectroscopy (FTIR) [19] and Raman
microspectroscopy [20] provide chemical composition of
calcified tissues. Complementing spectroscopy techniques
are numerous conventional histological, and immunobhis-
tochemical stains to identify cells relative to the spatial
localization of biomolecules of interest. Histological analyses
specific to this study include, hematoxylin and eosin (H&E)
[21, 22], tartrate-resistant acid phosphatase (TRAP) [23, 24],
and immunohistochemical staining using fluorescent probes
for receptor activator of nuclear factor xB ligand (RANKL)
[25, 26] and osteopontin (OPN) [27, 28]. Fluorochrome
labeling is another widely used technique to study the
temporal growth of bone and cementum [29, 30].

In this study, micro X-ray computed tomography (Mi-
cro-XCT) was used to image and measure the anatomical,
physical, and chemical properties of calcified tissues in 3D
and locate resorption and remodeling related events. Micro-
XCT data was complemented with (immuno)histochemical
studies to investigate biomolecular events within the bone-
PDL-cementum complex. Furthermore, a combination of
these techniques performed consecutively on the same
specimen allowed correlating 2D histological sections with
3D tomography, performed before preparing the specimen
for histology. Thus, synergetic effects of imaging modalities
were exploited to develop a dynamic picture of the resorption
and remodeling-related events in the load-bearing bone-
PDL-cementum complex. The combination of techniques
within describes complex events in the periodontium and
illustrates potential mechanisms elucidating cause-and-effect
relationships.

Anatomy Research International

2. Materials and Methods

Maxillae from 7-week to 4-month-old male Sprague Dawley
rats were used. Rats were obtained using animal tissue
transfer according to guidelines of Institutional Animal Care
and Use Committee (IACUC), University of California San
Francisco (UCSF).

2.1. Micro X-Ray Computed Tomography. Entire heads or
hemimaxillae were imaged using Micro-XCT (Micro XCT-
200, Xradia, Pleasanton, CA). The occlusion was imaged
using whole heads, while the tooth-bone complex was
imaged using hemimaxillae. After harvesting, all specimens
(N = 8) were placed in polymeric containers with 70%
ethanol, mounted on a specimen stage, and imaged at
different magnifications and power as needed using a Micro-
XCT. Polymeric wire was used to bring the upper and lower
jaws together to approximate the occlusal plane and was
imaged using a 2x objective, at 90 KVp and a power of 6 W.
The maxillae per se were imaged at 2x and 4x and 75 KVp
and a power of 6 W. Each tomography was reconstructed
from 3500 radiographic projections obtained from a full
circle of 360° and exposure times were adjusted to yield
6000 to 8000 counts per pixel of each recorded radiograph
approximating 25% of the original X-ray intensity passing
through the specimen and arriving at the detector. Associ-
ated tomographies were reconstructed using reconstruction
software (XMReconstructor, Version 7.0.2817, Xradia Inc.,
Pleasanton, CA). 3D images were postprocessed using the
Xradia 3D viewer and Amira software (Visage Imaging Inc.,
Version 5.2.2, San Diego, CA).

2.2. Scanning Electron Microscopy. Maxillary molars (N = 3)
were isolated using forceps, and the remaining bony sockets
were cut to separate bone from the mesial and distal complex.
The exposed alveolar socket and molars were mounted on
SEM stubs and sputtered with gold. The specimens were
examined using an SEM (S4300, Hitachi, Tokyo, Japan) with
an electron energy of 5 keV.

2.3. Histology. Intact hemimaxillae (N = 5) were decalcified
in 0.5M EDTA solution for 3 weeks. The specimens were
dehydrated with 80%, 95%, and 100% Flex alcohol (Richard-
Allan Scientific, Kalamazoo, MI) before embedding in paraf-
fin (Tissue Prep-1I, Fisher Scientific, Fair Lawn, NJ). They
were sagittally sectioned on a rotary microtome (Reichert-
Jung Biocut, Vienna, Austria) using a disposable steel blade
(TBF Inc., Shur/Sharp, Fisher Scientific, Fair Lawn, NJ).
The paraffin serial sections were mounted on Superfrost
Plus microscope slides (Fisher Scientific, Fair Lawn, NJ) and
deparaffinized with xylene.

2.3.1. Hematoxylin and Eosin Stain. The sections were
stained with hematoxylin (Fisher Scientific, Kalamazoo, MI)
and eosin (Fisher Scientific, Kalamazoo, MI) [31]. The
stained tissues were characterized using a light microscope
(BX 51, Olympus America Inc., San Diego, CA) and analyzed
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using Image Pro Plus v6.0 software (Media Cybernetics Inc.,
Silver Spring, MD).

2.3.2. Tartrate-Resistant Acid Phosphatase Histochemistry.
Deparaffinized serial sections were used for TRAP staining.
In brief, the method [32] included treating the rehydrated
specimens with 0.2M acetate buffer, a solution of 0.2 M
sodium acetate and 50mM L(+) tartaric acid (Sigma-
Aldrich, St. Louis, MO). After 20-minute incubation at
room temperature, naphthol AS-MX phosphate and fast red
TR salt were added followed by incubation at 37°C for 1
hour. The stained sections were washed in deionized water,
counterstained with hematoxylin, and mounted with Immu-
Mount (Thermo Scientific, Fremont, CA) for subsequent
examination under a light microscope as stated above.
Multiple images were stitched together to produce the
resulting figure using Microsoft Research Image Composite
Editor (Microsoft Corporation, Redmond, WA).

2.3.3. Immunostaining. In the method used [26], deparaf-
finized sections were rehydrated, digested with trypsin
(Sigma-Aldrich, St. Louis, MO) for ten minutes at 37°C,
and subsequently rinsed and washed in deionized water.
Specimens were incubated in blocking buffer (3% goat
serum, 0.1% BSA in 1x PBS) and then in primary antibodies
polyclonal rabbit anti-RANKL (Santa Cruz Biotechnology
Inc., sc-9073, Santa Cruz, CA) or monoclonal mouse anti-
OPN (Santa Cruz Biotechnology, Inc. Akm2A1, Santa Cruz,
CA). Primary antibodies were diluted to 1:50 in blocking
buffer. Slides were stored at 4°C in a humid case overnight,
followed by washing three times for five minutes with 0.1%
Tween-20 in PBS (PBST) and then incubated with secondary
antibodies. Alexa Fluor 594 goat anti-rabbit (Invitrogen, A-
11029, Carlsbad, CA) was used to label polyclonal rabbit
anti-RANKL and Alexa Fluor 488 goat anti-mouse (Invit-
rogen, A-11037, Carlsbad, CA) to label monoclonal mouse
anti-OPN, at 1:300 (diluted in blocking buffer). Slides were
incubated in a opaque humid case for one hour at room tem-
perature. Sections were washed three times for five minutes
with PBST and then stained with 1:10000 trihydrochloride
trihydrate (Invitrogen, Carlsbad, CA) for ten minutes in
the absence of light. Slides were rinsed twice with PBS and
mounted using Fluoro Gel (Electron Microscopy Sciences,
Hartfield, PA). Stained tissues were visualized using Eclipse
E800 fluorescent microscope (Nikon Inc., Melville, NY).
TRITC filter (540-565nm) was used to excite Alexa Fluor
594 (abs. 590 nm, emit. 617 nm), FITC filter (465—495 nm) to
excite Alexa Fluor488 (abs. 495 nm, emit. 519 nm), and DAPI
filter (340-380nm) to excite trihydrochloride trihydrate
(abs. 358 nm, emit. 461 nm). Multiple images were stitched
together as described above.

2.4. Fluorochrome Study. Under regulation of the animal
protocol No. AN083692 and AN080608-02 approved by the
TACUC, UCSEF 6-week- (N = 3) and 4-month- (N = 3)
old male Sprague-Dawley rats were given intraperitoneal
injections with alternating tetracycline hydrochloride and
alizarin red (both Sigma-Aldrich, St. Louis, MO) on days

0, 3, and 7. According to the method used [29], 25mg
fluorochrome per 1kg rat body mass was diluted in 2%
NaHCOs to a concentration of 0.01 mg/uL before intraperi-
toneal injection. On day 8, rats were sacrificed using CO, gas
and bilateral thoracotomy. Maxillae were dissected, fixed in
4% paraformaldehyde overnight, sectioned sagittally using
a low-speed diamond saw (Isomet, Buehler, Lake Bluff,
IL), and ground into 50 yum thick specimens for viewing
under the fluorescent microscope (Eclipse E800, Nikon Inc.,
Melville, NY). FITC filter (465—495nm) was used to excite
tetracycline HCI (abs. 390-425 nm, emit. 525-560 nm) and
TRITC filter (540-565nm) to excite Alizarin Red (abs.
530-560 nm, emit. 580 nm). Multiple images were stitched
together as described above.

3. Results and Discussion

In the 19th century, Wolff discussed adaptation of bone due
to mechanical forces [1]. The occlusal force, primarily used
in grinding the hard diet fed to rats, is the most prominent
force in the periodontium [33]. Within this adaptation
lies growth and function-related changes in bone and
cementum, which will be illustrated through various imaging
modalities.

Micro-XCT is a noninvasive technique that requires min-
imum specimen preparation. Specimens can be imaged
under wet conditions, preserving different tissue structures
and at microscopic resolution below 5 microns. Tomogra-
phies and virtual scans can be processed to evaluate mineral
density, resorption volumes, displacement fields, and 3D
spatial association of the root with the bony socket. The
3D tooth-bone association can provide insights to form-
function relationships. Additionally, 2D images recorded
with other techniques including light microscopy can be
related to the 3D tomographies and 2D virtual sections,
and potential artifacts due to specimen preparation can be
identified. In this study, we used Micro-XCT for in situ
imaging, to approximate interdigitation of disarticulated
maxilla and mandible of a rat by imaging at 2x magnification
(Figure 1, left). Root morphology, and resorbed pits in
bone and roots were measured. Structural analysis through
the volume of a specimen was correlated with virtual
serial sections with least interpolation. Additionally, X-ray
attenuation indicative of mineral density variations at the
bone-PDL interface was investigated.

The Micro-XCT images presented in Figures 1-3 illus-
trate an accurate anatomy of the dentoalveolar complex.
Accuracy is necessary to spatially correlate 2D measurements
from other complementary studies by identifying landmarks,
and anatomical planes within the dentoalveolar complex.
Furthermore, 2D and 3D data will help identify deviations
due to external perturbations such as, disease or load-
mediated influences from baseline measurements.

A rat hemimaxilla contains one incisor and three molars.
We focused our investigation on the molars responsible for
masticatory function. The crown of the 1st molar is the
biggest, with the largest occlusal surface, the 2nd molar
measures approximately 2/3 s, and the 3rd molar 3/5s of the
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FIGURE 1: Left top: Simulated occlusion of a left rat maxilla with the corresponding mandible imaged with Micro-XCT. Left bottom: sagittal
sections simulate open (left) and closed (right) bite. Top right: occlusal surface and transversal section of a right maxilla. Bottom right:
sagittal section; note the predominant distal inclination of the roots. Inclination « is measured for the most mesial root as demonstrated.
The colored segments on the roots represent the inclination angle of the roots. De = exposed dentin.

length of the 1st molar. In all specimens, a significant amount
of occlusal wear was commonly observed. Figure 1 demon-
strates enamel wear and exposed dentin on the occlusal
surface. This could lead to varying contact between opposing
teeth and is a potential cause for altered biomechanics and
modeling-related adaptation in the bone-PDL-cementum
complex throughout the lifespan of an organism.

The 1st molar is located mesially and the 3rd molar
distally. Often times the challenge lies in identifying the
anatomical directions of the specimen when only a part of it
is imaged. Hence, certain predefined anatomical features are
used to assign anatomical directions, and planes. Lingual and
buccal sides of the hemimaxilla denote the tongue and cheek-
sides, respectively. The bone around the molars is slightly
curved with the center of the curve toward the lingual side.
The occlusal surface of all molars contains 2 or 3 enclosed
depressions, with the most mesially located in the lingual
half. The roots on the lingual side are more uniform in
appearance and more closely aligned. The 1st, 2nd, and 3rd
molar have 5, 4, and 3 roots, respectively. The 3rd molar
exhibits an additional, but smaller, 4th root. The majority of
the roots are within 2 parallel planes, the lingual and buccal

planes from the midsagittal section. The roots exhibit a slight
distal inclination a of 10°-15°. The angle of inclination
is measured at the root apex, as the angle between root
surface, and the normal to the occlusal surface, as shown in
Figure 1 bottom right. According to the theory of Wolpoff
[34], inclinations promote distal drift of the molars. At the
age of 4 months, the roots are not straight but exhibit mesial
curvature along with increasing distal inclination towards
the root apex (Figures 1-3). The mesial root of the 1st and
the distal root of the 3rd molar are exceptional cases, as
they are centrally located with significant distal and mesial
inclinations, respectively. Given such an anatomy, the rate of
distal drift can also change due to a change in occlusal forces.
Occlusal forces can generate distal force vectors because of
the distal inclination of the roots [34]. Interestingly, root
inclination in humans and primates is mesial [8, 35] and a
physiological mesial drift is reported that enables closing of
gaps due to development and function [34].

Based on the morphology of the tooth-bone complex in
rats, it is conceivable that occlusal loads will compress the
PDL in the distal root-tooth complex and simultaneously
result in PDL tension within the mesial complex. Similar



Anatomy Research International

Coronal
Mesial "4 Distal
Apical

FIGURE 2: Transverse (a) and sagittal section (b) of the distal root of a 1st and the mesial root of a 2nd molar of a right maxilla exhibiting
minimal interdental bone imaged with Micro-XCT; the white dotted lines indicate the position of the other section, respectively; note: bone
resorption (black arrows), root resorption (white arrows), blood vessels (white stars), and residual interdental bone (white triangle). (c) 3D
images of alveolar bone of the buccal roots in (a); bone surface of the distal root-bone complex shows resorption tracks (left image); holes on
bone surface of the mesial complex indicate entering of blood vessels (right image). De = dentin, RB = interradicular bone, SC = secondary

cementum, RC = root canal, and En = enamel.

effects exist in orthodontics, where compression sites in
the PDL promote resorption and tension sites promote
formation, resulting in tooth migration along the dominant
force vector [36]. Cyclic compression and tension of the
PDL during mastication could promote bone resorption and
formation, respectively. Furthermore, it has been shown that
different mechanical demands on the tooth-bone complex
[4], and compression and tension sites related to distal
inclination of the roots (Figure 2), affect microscale structure
of alveolar bone and macroscale form of the bony socket.
Consequently, bone morphologies in the distal and mesial
root-tooth complex of the same root are inherently different
as demonstrated in Figure 2.

Bone of the distal complex contains concave-rounded
pits separated by narrow sharp ridges, resulting in a rough
and pitted surface. This appearance is characteristic for
distal bone and originates from the osteoclastic resorption
activity also demonstrated in SEM micrographs (Figure 5)
and histological images (i.e., Figures 6 and 7) of individual
pits approximately 50 to 100 ym in diameter [37]. A re-
construction of the bony socket from the same Micro-
XCT scan is illustrated in Figure 2(c). The extent of the
osteoclastic activity can be observed as several resorption
channels cut through the volume of the bone (Figure 2(c)
left). Contrastingly, the bone from the mesial root-bone
complex exhibits a smooth surface with convex-rounded
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Distal

FIGURE 3: 3D reconstruction of the distal roots of 2nd molar viewed from different directions indicated by corresponding colors in (e).
Accordingly, (a) shows the distal (yellow arrow), (b) the mesial (blue), (c) the buccal-distal (black), and (d) the lingual-mesial (white)
surface of the roots; the apical parts of the roots are rough while the coronal parts are regularly rounded except for the resorption pits located

on the coronal distal side of the root indicated by the red ovals.

bony protrusions into the PDL-space. The bony protrusions
are separated by recesses or channels (Figure 2). The chan-
nels can be related to blood vessel spaces with red blood
cells as shown in the H&E stained sections (Figure 6). The
convex protrusions can be attributed to bone formation as
demonstrated in the fluorochrome study (Figure 4 right).
Regardless, the 3D images of bone demonstrates continuity
of blood vessels in the PDL to those in bone (Figure 2(c)).
Several histology sections in this study also support this
observation in particular, Figure 6, top right.

The roots exhibit a significant structural anisotropy. The
root surface, separated by a 100 um thick PDL from the
resorbed bone in the distal root-bone complex also exhibits
resorption pits (Figure2). The 3D images of the distal
roots of a second molar in Figure 3, viewed from different
angles illustrates the distribution of resorption pits on the
root. Resorption pits on the root are less frequent than
on bone. Pits on the root are small, and can be identified
predominantly in the coronal region in primary cementum.
While the mesial surfaces of the coronal thirds/halves of

the roots typically show a regular morphology, several pits
were identified in the coronal-distal portion of the roots.
The apically located secondary cementum shows an overall
high roughness and minor pits on all sides. The rough
appearance of the secondary cementum in the apical part
of the root has already been reported for rats [38], and
was attributed to increased resorption and formation-related
activities stimulated by occlusal loading.

Another remarkable anatomical feature is thinning of
interdental bone, as shown in Figure 2. The distal root of
the 1st molar and the mesial root of the 2nd molar share the
same PDL-space and are in physical contact. Interdental bone
commonly reaches the cervix of the tooth, and is comparable
to the interradicular bone between the distal and mesial
roots of the 2nd molar. Previous studies reported partial
thinning of interdental bone, and resulting root proximity
[39]. Figures 1 and 2 illustrate the apical parts of 2nd and
the 3rd molars not separated by bone (Figure 1 bottom
right, Figure 2(b)). In general, adequate interdental bone and
PDL-space are maintained through combined resorption
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FIGURE 4: Left panel: Attenuation profiles (arbitrary units) from left to right through interradicular bone; bone formation in the mesial
root-bone complex (left side) to bone resorption in the distal complex (right side) of the same molar. Attenuation of the “old” bone on
the resorption side (right side) is generally higher and transition from PDL is steeper compared to the newly formed bone on the other
side (left side). Right panel: sagittal section of a 7-week-old specimen with fluorochrome labeling; bone deposition predominantly in the
mesial root-bone complex (white arrow), but also probably growth-related deposition in the distal complex (yellow arrow); note: predentin
formation in the pulp (blue arrow), red stain on resorption pits (yellow stars); formation/repair of secondary cementum (blue stars). De =
dentin, RB = interradicular bone, RC = root canal, and SC = secondary cementum.

FIGURE 5: (a—c) SEM image of bone from the distal root-bone complex; (b) note: resorption pits (white arrows), blood vessel space (white
stars); (c) high magnification of resorption pit. (d—f) SEM image of a root exhibiting heavy root resorption; (e) isolated pit in primary
cementum; (f) larger resorption pit subdivided into smaller ones; note tubular structure of dentin in pits of (e) and (f). De = dentin, PC =
primary cementum, and PDL = periodontal ligament.
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(b) (a)

(c)

FiGURE 6: Histological sections stained with H&E: (a) shows the entire root and indicates the position of the mesial (b) and distal (c) root-
bone complex at higher magnifications; rough pitted bone surface on the surface of the distal complex and the regular surface in the mesial
complex; note: resorption pits in bone (black arrows), cement lines in bone (grey arrows), root resorption (white arrows), and blood vessel
spaces (white stars). De = dentin, RB = interradicular bone, DB = interdental bone, SC = secondary cementum, and PC = primary cementum.

(distal) and apposition (mesial) related events, accomodating
movement of the molars [8]. Based on our observations and
previous reports by others, we suggest different migration
rates of the individual molars [40].

Apposition and resorption-related events manifest into
lower and higher X-ray attenuation profiles in the mesial and
distal root-bone complex. Micro-XCT techniques measure
X-ray attenuation differences that can be directly related
to bone mineral density when calibrated with phantoms of
known mineral density [11]. Furthermore, mineral density
differences can be exploited from virtual scans at a spatial
resolution equivalent to the magnification at which the spec-
imen was scanned. In this study highly attenuating regions
in the specimen appear brighter and are related to higher
mineral content. In the sagittal and transversal sections of
the Micro-XCT images, we consistently observed darker
areas representing lower X-ray attenuation close to the PDL
interface in bone of the mesial root-bone complex (Figure 4
left). The graphs demonstrate that attenuation of bone in the
distal complex is generally higher and that the increase of
attenuation from PDL to bone is steeper than in the mesial
root-bone complex. Lower attenuation in bone is caused by
lower degree of mineralization and/or crystallinity and can
be related to the earlier stages of modeled bone associated
with distal drift. This continuous apposition of bone in
the mesial root-bone complex accompanied by resorption
of bone in the distal complex, coupled with adaptations in
primary and secondary cementum, is necessary to maintain

a uniform functional PDL-space and accommodate the hard
pellet diet in rats.

Complementing X-ray attenuation profiles, are results
from fluorochrome labeling. Despite the cumbersome nature
of the fluorochrome labeling technique, which includes in-
jecting the animal periodically with different fluorescent
dyes, followed by harvesting, specimen preparation, and
imaging, the technique illustrates the dynamic nature of
bone indicating potentially loaded areas in both tension
and compression [41]. Fluorochrome labeling is an effective
method to study biomineralization-related events [42]. Fluo-
rochrome dyes form chelate complexes with exposed apatite
within a mineralizing tissue. As a result, the fluorescent
label demarcates active mineralizing fronts exhibiting min-
eralized tissue formation at the time of administration. By
using alternating dyes and injecting at different timepoints,
the stratified growth of bone can be temporally mapped
[30]. Figure 4 shows a section of interradicular bone of
a 2nd molar from a 7-week-old specimen. The sequence
of green-red-green lines in the mesial root-bone complex
demonstrates bone formation. The space between two lines
shows that the mineralization front moved approximately
10-30ym in the 3-4 days between two injections, which
corresponds to a distal drift of approximately 20-30 ym
over the same period [43, 44]. Coronal bone in the distal
complex also shows fluorochrome labeling. Furthermore, the
surface appears to be regular and convex. This could indicate
that bone apposition/repair occasionally also occurs in the
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distal root-bone complex. However, in the older 4-month-
old specimen, significant bone formation was observed in the
mesial complex.

Changes from resorption to apposition activity are the
origin of cement lines [41], shown as basophilic lines in H&E
stained sections (Figure 6). However, remaining distal bone
illustrated a pitted surface, and no fluorochrome labeling,
indicating resorption activity. Some of the pits exhibited a
red lining on the surface, probably indicating local repair.
Furthermore, the distal root in Figure 4, shows regular
deposition of predentin in the pulp chamber and minor
repair/formation activity on secondary cementum.

Specimen preparation for SEM is more cumbersome
than for Micro-XCT. In particular, dehydration, fracturing,
and sputtering of the specimen along with imaging under
high vacuum can induce several artifacts and affect structural
integrity. High-energy electrons can result in disintegration
of soft tissue, and the vacuum chamber limits in situ exper-
iments. However, its spatial resolution and magnification
range are superior to the other techniques presented in this
study. Hence, SEM measurements were conducted to study
bone and root morphology, and in particular, resorption
morphology at higher resolution. Figure 5(a) shows an SEM
image of bone from a distal root-bone complex. At higher
magnification, resorption pits and blood vessel openings can
be identified (Figures 5(b)-5(c)). In Figure 5(c), a single pit
of less than 50 ym was observed. Figures 5(d)-5(f) illustrate
a case of excessive root resorption on the distal side of
a 2nd molar, with a pattern of large and small pits and
regular cementum surface. At a higher magnification, larger
pits were subdivided into smaller pits with diameters of
approximately 50 ym, (Figure 5(f)). Inside the larger pits
within primary cementum (Figure 5(e)), typical tubular
structure of dentin was observed.

While Micro-XCT, SEM, and fluorochrome staining cou-
pled with fluorescence microscopy identified adaptation of
the calcified tissue, the distribution of the cells, proteins, and
organic matrix could not be imaged sufficiently due to low-
contrast for X-rays and high-energy electrons, respectively.
Though highly attenuating stains like phosphotungstic acid,
osmium tetraoxide, and gallocyanin-chromalum improve
imaging of the PDL fibers and most likely cells [45], the
information that can be gathered from imaging following
staining is still very limited compared to conventional histol-
ogy and immunohistochemistry. Furthermore, the resolving
power of the Micro-XCT is another limit. The latter would
not pose a problem for SEM, but this method will introduce
artifacts in the organic tissue due to specimen preparation,
high vacuum, and higher-energy electrons as stated earlier.
Hence chemically fixed histological sections were stained
conventionally or using immunolabeling techniques. The
preparation of the histological specimens is very time
consuming, as it requires fixation, chemical processing,
embedding, and sectioning. Moreover, it can introduce
artifacts like delaminated interfaces and loss of structural
integrity. The identification of stained organic matter is
limited by the resolution of the analytical instruments: the
optical or fluorescent microscopes. Furthermore, it should
be noted that the sections prepared are 2D and can lead to

misinterpretation of 3D structures, despite the interpolation
between serial sections.

Though H&E is a conventional stain, it is of value to
the study, as it allows to distinguish basophilic structures
that stain blue (nuclei), and eosinophilic structures that
stain pink (intra and extracellular proteins), or red (red
blood cells). This stain gives good structural contrast, and
therefore the H&E stained sagittal section in Figure 6 can
be compared to sagittal sections imaged with Micro-XCT
(Figures 1 and 2). The bone surface in the mesial root-
bone complex is regular and convexly rounded. The channels
appearing prominently on the Micro-XCT images are also
present and feature red blood cells. Thus, blood vessels in
the PDL are continuous with those in bone. The mesial root
surface is covered with a regular layer of cementum that
broadens towards the apex. On the distal side, the layer of
cementum is thin. Furthermore, the root exhibits a number
of pits in dentin with a narrow pinch through cementum.
Bone in the distal root-bone complex exhibits a strongly
pitted surface, with basophilic lines (blue lines) around
those pits. Other basophilic-rich regions include cementum
resorption sites and cement lines in bone. The cement line
is a remnant of the reversal from bone resorption to bone
formation during a remodeling process. Hence, cement lines
allow us to extrapolate beyond remodeling events. Cement
lines can be found everywhere in bone. This shows that
although resorption is the dominant process, remodeling
is partly executed in the distal complex, as shown in the
fluorochrome image (Figure 4 right). The cement line close
to the bone surface in the distal root-bone complex, shown in
Figure 6((c) lower grey arrow) could be an example for such
local remodeling.

Compared to H&E, TRAP staining is specific to mature
osteoclasts and more suitable for investigating adaptation
of mineralized tissues [24, 46]. It has been shown that
the secretion of TRAP by osteoclasts correlates with their
resorptive behavior [23, 47], and therefore serves as a selec-
tive marker for osteoclastic activity. In our study of the rat
periodontium, TRAP-positive cells were almost exclusively
observed in the PDL-space of the distal root-bone complex
(Figure 7), predominantly close to or in contact with the
bone surface. TRAP-positive cells were also found on the
surface of the roots, but consistently in lower numbers. These
cells were multinucleated like osteoclasts (insert in Figure 7).
TRAP-positive multinucleated cells resorbing cementum and
dentin were also identified as odontoclasts [48].

Specificity, as exhibited by the TRAP stain is also fun-
damental to immunohistochemistry. It utilizes antibodies to
bind to specific antigens of interest. For our study, RANKL
and OPN, proteins related to bone remodeling, were chosen.
The primary antibody is targeted by a secondary antibody
that is bound to a fluorophore. Fluorescence-based immuno-
histochemistry allowed us to identify the distribution of
the desired protein in the tissue. RANKL expression is
necessary for differentiation and survival of osteoclasts. An
increased number of active osteoclasts is a prerequisite for
ongoing resorption due to distal drift. Osteoclastogenesis
begins with hematopoietic cells generating mononuclear
cells that are stepwise differentiated into mature osteoclasts
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FiGgure 7: TRAP-positive cells located exclusively in the distal root-
bone complex; insert shows multinucleated cells resorbing bone and
secondary cementum, osteoclasts, and odontoclasts, respectively.
De = dentin, RB = interradicular bone, PDL = periodontal ligament,
SC = secondary cementum, and RC = root canal.

[41]. Since the step in which mononuclear cells fuse into
polykaryons, coincides with TRAP expression, RANKL [49]
is recognized to play a significant role. An orthodontic study
in rats found that compressed PDL promotes expression of
RANKL [25]. In our study, Figure 8 shows that RANKL is
upregulated in the compressed PDL of the distal root-bone
complex, especially close to the bone-PDL attachment site, as
compared to the attachment sites in the mesial complex. The
large multinucleated cells in the resorption pits of bone and
the root (osteoclasts and odontoclasts) also stained intensely
for RANKL (Figure 8 insert).

OPN supports bone remodeling and is produced by os-
teoblasts, osteoclasts, and a number of other cells. It belongs
to the family of small integrin-binding ligand N-linked
glycoproteins (SIBLING). The proposed function of OPN in
biomineralization [50] is threefold. It promotes cell adhesion
of osteoclasts and osteoblasts. It regulates osteoclastic resorp-
tion and migration, and was shown to inhibit hydroxyapatite
crystal growth by binding to its surface. In our study, most
intense staining of OPN was found on the interface of bone
and PDL in the distal complex (Figure 9). Its presence is
indicated by green lines on the bone surface and green-
stained multinucleated cells attached or close to those lines
(Figure 9 right insert). The progression from bright to faint
staining in the pits on the root surface on dentin, and on
cementum, highlights resorption related events. The bulk
cementum illustrated an undefined faint stain. Occasionally,
brighter staining was found in cementum, specifically at the
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Ficure 8: Histological sections immunostained with RANKL; the
red RANKL stain is dominant in the PDL close to the bone surface
of the distal root-bone complex (right image) compared to the
mesial complex (left image); insert: note odontoclast on root and
osteoclasts on bone (white stars). De = dentin, DB = interdental
bone, PDL = periodontal ligament, and SC = secondary cementum.

primary to secondary cementum transition in Figure 9. This
could be a sign of recent cementum repair as indicated by
Jager et al. [27]. The progression from bright green to red
lines in bone are seemingly related to cement lines, which
regularly stain for OPN [28]. The bone surface of the mesial
complex neither exhibits bright green lines on the surface,
nor osteoclasts complementing lack of TRAP staining in
Figure 7. However, close to the bone surface, faint lines
were consistently observed (Figure 9 left insert), and could
indicate intermittent biomineralization.

4. Conclusions

The functional dentoalveolar complex in rat molars is a
highly dynamic system with interactions between functional
forces, 3D form, tissues, cells, and biomolecules. The peri-
odontium is an interesting model to study the mechanisms of
biomineralization. The inherent distal drift requires ongoing
bone formation on the mesial side and resorption on the



Anatomy Research International

Coronal

Mesial + Distal

Apical

200 ym

11

FIGURE 9: Histological sections immunostained with OPN; the green stain of OPN dominates the distal root-bone complex (right image);
note staining on resorption pits and multinucleated cells on bone (right insert), resorption pits on the root (white stars), remodeling in
secondary cementum (black star); on the mesial surface of the root (left image) less staining on the bone PDL interface, faint parallel lines
in the bulk close to the bone surface in the mesial root-bone complex (left insert), and a single cell (left insert); cement lines stain as bright
lines everywhere in the bulk bone. De = dentin, DB = interdental bone, PDL = periodontal ligament, SC = secondary cementum, and RC =

root canal.

distal side of the root, to facilitate tooth migration and
maintain functional PDL-space. For a better understanding
of function-related adaptation, it is necessary to discuss
observations at a macroscopic and a microscopic level
and correlate them using complementary techniques. With
Micro-XCT and post processing of 3D images, we were
able to describe the anatomy of the dentoalveolar complex
including, approximation of macroscopic occlusion, root
geometry, and anisotropy in bone morphology due to the
distribution of the microscopic resorption pits on bone and
root. With SEM, we increased the resolution and identified
structures created by the resorption activity. Attenuation
profiles derived from Micro-XCT virtual sections, together
with the fluorochrome study, highlighted advancement of
the mineralization fronts in the mesial root-bone complex.
Fluorochrome labeling pointed out that biomineralization,
in relation to repair, can also exist in the distal complex.
H&E staining verified structural features from Micro-XCT
and SEM studies, and provided a basic understanding of
the organic matrix. TRAP allowed for identification of
multinucleated cells in the resorption pits of bone and root,
found almost exclusively in the distal root-bone complex.
Increased RANKL expression as a parallel event to TRAP
could be found predominantly close to the distal complex of
bone, and to a minor degree at the root surface. We could
identify the omnipresence of OPN in the tissue, and related
it to its multiple functions in the resorption and remodeling
of mineralized tissues. Utilizing a variety of techniques had
a synergetic effect to describe and understand the complex
dynamic system of the rat periodontium. These results eluci-

date that load-mediated perturbations and subsequent adap-
tation of the rat dentoalveolar complex, should acknowledge
baseline function based adaptation of bone-PDL-cementum.
Local remodeling and modeling related events associated
with the physiological distal drift should also be identified
before additional experimental variables are imposed.
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Current generations of graduate students have been immersed in technology from their early school years and have high
expectations regarding digital resources. To better meet the expectations of Gross Anatomy students at our institution, electronic
radiology teaching files for first-year coursework were organized into a web site. The web site was custom designed to provide
material that directly correlated to the Gross Anatomy dissection and lectures. Quick links provided sets of images grouped by
anatomic location. Additionally, Lab and Study Companions provided specific material for the students to review prior to and
after lectures and gross dissections. Student opinions of this education resource were compared to student opinions of the prior
year’s digital teaching files. The new content was ranked as more user friendly (3.1 points versus 2.3 points) and more useful for
learning anatomy (3.3 points versus 2.6 points). Many students reported that using the web portal was critical in helping them to
better understand relationships of anatomical structures. These findings suggest that a well-organized web portal can provide a

user-friendly, valuable educational resource for medical students who are studying Gross Anatomy.

1. Introduction

Gross anatomy is a fundamental component of first-year
medical school curriculum. During this course, students gain
a distinct visual understanding of the organ systems and their
relationships to one another. Traditionally this visual under-
standing has been obtained through a surgical perspective
provided by gross dissection or prosection [1]. More recently,
with the advent of modern medical imaging, anatomy edu-
cation has increasingly been supplemented by a radiological
perspective [2—4]. Gross Anatomy coursework that provides
both perspectives is arguably the ideal training for medical
students who will require facility using both views during
surgery and radiology rotations or when consulting these
services. In support of this educational approach, several
recent studies have reported improved clinical training
through the use of imaging educational resources [3, 5-7].
In a study that directly compared the approaches, Stanford
et al. reported that the combination of gross dissection and
computer-based educational tools was a more efficacious
teaching approach than either teaching modality alone [8].

As imaging has been adopted in the modern medical edu-
cation, it has benefited from the concurrent development of
technologies that have allowed the material to be presented
electronically. One of the technologies with the greatest
impact has been the Internet [9]. The Internet has increas-
ingly been utilized as an educational tool due to its ability to
provide a large volume of educational material in a single,
readily-accessible location as well as permitting flexibility in
the material format. Images, text, interactive quizzes, and
videos can be integrated seamlessly into a comprehensive
educational resource. While these capabilities are largely
beneficial, they can have a negative effect on the efficacy of
the educational resource if the material is poorly organized.
For example, if students are confronted with a vast amount
of information on the Internet that is presented in a non-
user-friendly format, they are likely to either not utilize the
resource or not benefit from its use.

One proposed solution for managing Internet material in
an organized, user-friendly format is the implementation of
aweb portal. A web portal is a site that serves as a single point



of access to information collected from different sources and
presented in multiple formats. Some common features of
portals include personalized navigation, for example, “quick
links” to frequently accessed information pages, directory-
based information structure, community-building tools such
as chatrooms, bulletin boards, and emailing lists, user
authentication (log in and password), and subject-specific
search functionality. Web portals have recently gained in
popularity as they have been successfully implemented in
a number of clinical settings, such as nursing [10], mental
health [11], government disaster preparation [12], patient
diabetes information [13], and the MedEdPORTAL imple-
mented by The Association of American Medical Colleges
[14]. The general consensus from these studies has been
that web portals require initial planning and subsequent
maintenance in order to remain relevant and effective but
when designed appropriately, this online educational format
is robust, easily accessible, and associated with excellent
outcomes. While there is limited information regarding the
concept of utilizing a portal for medical education purposes,
it is reasonable to consider that these benefits recognized in
clinically focused web portals would translate effectively for
a medical-education-related web portal.

A recent study assessing electronic radiology teaching
files for first year Gross Anatomy at our institution suggested
the potential need for an improved organization and cus-
tomization [15]. In its first year, there were 9% of students
who reported that they did not find the material user-
friendly and over one third of students did not utilize the
resource. Based on this assessment as well as a previously
defined goal of creating a longitudinal teaching resource
for medical student, a decision was made to develop a web
portal with several key changes to the existing web content
to better organize the educational material. The primary
purpose of the present study was to present rational for an
approach that was utilized to develop internet-based Gross
Anatomy material. Implementation of this teaching resource
was assessed by evaluating student opinion regarding its
usefulness, determining whether there was any correlation
with how the students performed on their anatomy tests
and the usage of the web teaching files, measuring student
usage patterns of the material, and noting whether there
were any design or technical difficulties when developing and
managing the web site.

2. Materials and Methods

One of the goals of first-year Anatomy curricular redesign
efforts at the Johns Hopkins University School of Medicine
was to further integrate Radiology into the coursework. The
initial efforts for this integration were centered on developing
a Medical-Imaging-Resource-Center (MIRC-) based website
with relevant teaching files to supplement topics discussed
in lecture and corresponding gross dissections [15]. The goal
of the present study was to improve on these initial efforts
through the creation of a web portal that would organize
existing teaching files as well as newly created educational
resources and more fully integrate this material into the
existing Anatomy coursework.
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A survey from the previous year with student feedback
from initial efforts in developing Radiology teaching files in
a web-based format for Anatomy was reviewed. The team
of attending, residents, and medical students working on
the second iteration of development used this feedback to
identify several possible areas for improvement with the goal
for improved user friendliness and increased utilization of
the material. Some of the key changes included integration
of the material into a web portal, development of Lab and
Study Companion components, and a set of organized links
to access the material rather than requiring the user to type in
search criteria. The list of features that were created and the
rational for their implementation are provided in Table 1.

Joomla 1.5 (Open Source Matters, Inc, New York, NY)
was utilized as a content management system for creating
the web content. Joomla is an open-source application that
is freely available on the Internet. It provided the ability to
organize and keep track of all content as well as constantly
update cases and documents without republishing the web
page.

In order to expand the content that would be offered via
the web portal, a search for relevant images within the
past year was conducted using the Johns Hopkins Hospital
Emageon Ultravisual (AMICAS, Inc, Boston, MA) picture
archiving and communication system (PACS). There was
no copyright protection for these images developed in this
iteration of the site development. Although the site was
password protected, there was no functionality limiting cop-
ying of images from the site by students. This issue will be
further addressed in future iterations of the web site de-
velopment. The effort to obtain several relevant images for
each anatomic site was largely in response to student feed-
back from the prior year that suggested additional imaging
teaching files would be beneficial. In order to expand the
MIRC content already available, the goal of case acquisition
this year was directed towards finding CT and MRI cases
where multiple slices could be viewed for each case. Similar
to the existing teaching files, the new cases included normal
anatomy as well as cases with simple pathology. The cases
were initially identified by two of the authors and subse-
quently reviewed by the senior authors before incorporation
into teaching cases. Once selected, the image sets were
saved in standard tagged image file format and animated
with Macromedia Flash using an open-source student PACS
module created by students and residents at the University
of Medicine and Dentistry of New Jersey. The new modules
allowed users to scroll through images, zoom, and pan while
also interacting with labeled structures within the image sets.
The decision to utilize Flash was impart based on familiarity
of the product by the student developers. In addition, while
evaluation of MIRC demonstrated excellent static image
teaching file development, it had less robust capabilities
compared to the Joomla/Flash combination option for
developing more dynamic teaching files with scrolling and
highlighting.

The new student PACS modules were combined with
last year’s MIRC cases to create teaching files that could be
accessed during lecture by the instructors and by the
anatomy students for review during and following anatomy
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TaBLE 1: Rational and features of newly created Radiology web portal for Gross Anatomy.

Goal/Rational

Feature

Description

Provide multiple formats for viewing and
learning Radiology.

Provide single site for Radiology teaching
material that students will utilize starting
day one Gross Anatomy and then
throughout medical school.

Begin to expose students to clinical
application of anatomy.

Provide students with direct correlations
between cadaver anatomy and imaging.
Provide content that allows students to
identify labeled anatomy on imaging.
Ensure students recognize reasoning for
integrating Radiology and Anatomy.
Provide students with a roadmap to
optimize use of Radiology to learn Anatomy.
Allow Radiology files to be reviewed by
anatomic site.

Facilitate web site navigation by giving quick
views of available material.

Develop site that will serve as a platform for
Radiology learning throughout medical
school.

Reflect importance of cross-sectional
imaging in clinical medicine.

Provide lecture presentations for preview
and review of material.

Introduce students to other existing
resources for learning Radiology and Gross
Anatomy.

Introduce students to advancements being
made in Radiology which may have future
clinical implementation.

Utilized MIRC, Flash, and
Joomla for Creating
Teaching Files

Home Page

Cases of the Week

Laboratory Companion
Study Companion

Module Goals

Methods for Achieving
Goals

Organization of Files
Preview of Teaching Files

Longitudinal Educational
Components

Cross Section Teaching
Files

Lecture material

Additional Learning Tools

Anatomy TV

MIRC provides excellent functionality for
developing static single image teaching files.
Macromedia Flash using an open-source
student PACS module and Joomla content
management system readily allowed for
creation of teaching files with multiple-level
cross-sections, and animations.

Structured Web Portal with an integrated
anatomy component.

Clinical cases with relevant findings on
imaging updated on homepage to
correspond to lectures.

Feature of Web Portal providing imaging
relevant to the day’s dissection.

Feature of Web Portal providing labeled
images and cross sectional modules.

Clearly stated goals provided on home page.

Discussed in lecture on first day of class and
clearly stated on home page.

Students click links that instantly bring up
files organized by anatomic site.

Students click thumb nail with an image
preview as well as text description.

Web Portal provides additional components
for basic Medicine and Surgery clinical
rotations.

Static images plus new cross section files
that allow scroll, pan, and zoom.

Lecture PowerPoints made available via link
on the Web Portal.

Information provided in syllabus and links
to resources provided on the web portal.

3D video anatomy teaching files available

lectures. MIRC files which were created last year were
incorporated into the web site as thumbnails with hyperlinks
to the original content, while new thumbnails were created
to hyperlink to the students PACS cases. The web portal
was designed such that all teaching files were organized by
anatomical region. These anatomical regions were defined
based on the existing syllabus for the anatomy course. The
files were further separated into tutorial files and quiz files.
In total, over 100 teaching files were provided (Tables 2 and
3).

In order to create interactive teaching files, relevant
anatomy was identified and highlighted on each slice of an
image set. A set of questions or relevant teaching points
were then linked to each structure so that if the structure
was selected on any slice where it could be seen, the
questions or teaching points would then appear on the right

TasLE 2: Characterization of teaching files by question type.

Anatomical region Tutorials Quizzes Normals Abnormals

Thorax 11 18 15 14
Abdomen 7 22 11 18
Pelvis 3 7 7 3
Limbs 9 18 10 17
Spine 1 1 2
Head and neck 2 5

Total 33 71 49 55

side of the screen. Figure 1 displays a sample tutorial case
where the arch of the aorta was highlighted and relevant
information was displayed for that structure. In Figure 2,
a quiz case is displayed where the ascending aorta has
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FiGure 1: This is a screen-capture of one of the Thorax tutorial files.
After clicking on a structure within the image, the structure will
highlight and information will be provided about the structure on
the right-hand side of the screen. In this example, the arch of the
aorta has been selected and information regarding its origin, course,
and branches has been provided.

ARCH OF AORTA

FiGure 2: This image illustrates an example of one of the Thorax
quiz files. After clicking on a structure within the image, the struc-
ture will be highlighted and a question regarding that structure will
appear on the right-hand side of the screen. In this example, the
ascending aorta has been selected and the correct answer has been
chosen displaying an explanation.

TasBLE 3: Characterization of teaching files by imaging modality.

omiel G i _vs e ey
Thorax 9 3 0 15 2
Abdomen 14 0 1 11 3
Pelvis 6 0 0 4 0
Limbs 1 0 0 25 1
Spine 0 0 0 3 0
S:Cf and 4 0 1 0
Total 31 7 1 59 6

been highlighted prompting a multiple choice question
related to this structure. For each of the tutorials, there was
a page of instructional text, with one associated image set
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as demonstrated in Figures 1 and 2 and a corresponding set
of relevant multiple choice questions.

The web portal was introduced to the medical students
on the first day of their anatomy class. The rational for
presenting the portal on the first day was to provide students
a roadmap to optimize use of Radiology to learn Anatomy
and to begin to get them comfortable with the basic layout
of the web site. The web address was provided and basic
navigation through the site was reviewed. The students were
informed that the homepage would be updated a few days
prior to each radiology lecture to include pertinent cases
(Figure 3). They were required to look over those selected
cases prior to lecture and advised to look over the additional
cases found in the corresponding anatomical link for further
review.

Each radiology lecture was divided into two one-hour
segments. During the first hour, the lecturer presented a
PowerPoint (Microsoft Corporation, Redmond, WA) lecture
on material corresponding to the gross dissection scheduled
for that day. The students were then given a five-minute
break and asked to close all laptops before the second
session began. Next, the lecturer broke the classroom up into
small groups based on where the students were sitting and
quizzed them on each of the cases found on the homepage
of the web portal for that day. This process was repeated
for each of the radiology-based lectures so that the students
were aware of the expectation that they should be familiar
with the corresponding cases found on the web portal
homepage.

Following the completion of the Gross Anatomy course
(Fall 2010), a fourteen question, web-based survey was
distributed to the Anatomy students. The survey was similar
to the one distributed to the first-year medical students the
previous year (Fall 2009) [15]. Figure 6 provides a complete
list of the questions on the survey. In order to evaluate
the impact of the web portal compared to the previously
available teaching files, the results of the survey from the
current year were compared to the results from the previous
year.

In order to quantify the utilization of the web site during
the anatomy course, a StatistX module was installed into the
Joomla content manager. This module allowed a hit counter
to be incorporated into the web site which would keep track
of all web traffic received by the site. The module provided
daily activity, hourly reports, top ten pages hit, and the
last twenty pages visited. This module provided information
regarding when the students were utilizing the website the
most and what content they were looking at. IP addresses
were also provided in the statistics indicating whether the
students preferred to access the material on or off campus.
As previously noted, the teaching files were integrated to a
greater extent into the coursework by including the material
in discussion groups rather than the lecture-only format
utilized during the previous year. The server data from
the current year was compared to the server data from
the previous year to identify any changes in the student
utilization patterns after these changes in the structure of the
coursework.
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Head and neck introduction

Welcome to the head and neck anatomy section of the TeamRads anatomy module. The imaging cases in this section are divided

into in two parts: tutors and quizzes

Tutors labeled cross sectional images made with student PACs and MIRCS
Quizzes designed to teach anatomy in the context of abnormal findings

Abbreviations: AP (antero-posterior), PA (postero-anterior), CT (computed tomography), CTA (computed tomography angiogram),

MR (magnetic resonance), MRA(magnetic resonance angiogram)

Head CT (axial)

Click on the image
Description: guide to
cross-sectional anatomy
as seen on a single head
CT slice

Click on the image
Description: guide to major
arteries of the anterior and

posterior circulation

Cerebral ventricular system

Click on the image
Description: guide to anatomy

of the cerebral ventricles

Head and neck radiograph (lateral)
[ =%
p ol Click on the image

Description: guide to

anatomy of the head
and neck as seen on a

lateral radiograph

FIGURE 3: This screen-capture demonstrates the dynamic portion of the web portal home page which provided prelecture material. For
this example, the teaching files were provided on the home page a few days prior to the head and neck imaging lecture. The students were

expected to review the teaching files prior to lecture.

3. Statistical Analysis

After collecting the responses to the web-based survey, the
data was exported from the survey site (http://surveymon-
key.com) to spreadsheet format for aggregating and graphing
the data. The spreadsheet data was imported into SPSS
version 13.0 software (SPSS, Chicago, Illinois) for additional
data analysis and statistical calculations. Comparisons of
proportions for student responses for the current year to
the prior year were made utilizing a chi-square analysis
with a Yate’s correction. A Mann-Whitney rank sum test
was conducted to compare the mean values of the student
responses. P values less than 0.05 were considered statistically
significant.

4. Results

The demographic profile of the students who responded to
the web-based survey this year was similar to the prior year.
There were 87 of 120 medical students (73%) who completed
the survey this year compared to 71% who completed the
survey the previous year (P = 0.886). In both cohorts, the
majority of the students was between 22 and 25 years old and
had an undergraduate degree in biology. The only difference
in demographics noted between the two groups was that the
more recent cohort of students had a smaller percentage of
Fine Arts majors (5% compared to 15%, P = 0.036).

Compared to the previous electronic teaching files, the
new content received better evaluations for user friendliness
and usefulness (Table 4). The mean score for usefulness
of the web portal content was 3.3 points (helpful to very
helpful) compared to 1.5 points (not helpful to somewhat
helpful) for the previous material (P < 0.001). When
excluding the 0 point scores of the students who did not use
the online teaching files last year, the mean score improved
from 1.5 to 2.6 points (somewhat helpful to helpful).
However, the 2.6 points remained statistically less than the
3.3 point rating for the web portal (P < 0.001). Similarly, the
new web material was rated as being more user friendly 3.1
points (good to excellent) versus 2.3 points (satisfactory to
good) even after correcting again for the students who did
not use the online content (P < 0.001).

The primary reason students utilized the resources was to
review material that was going to be tested (Figure 4). There
were 52 (60%) students who ranked this as the number one
reason for accessing the teaching files, and 67 (77%) students
ranked it as either the no. 1 or no. 2 reason they used the
web material. The number of students who indicated that
the teaching files were used because they helped to better
understand anatomical relationships was only slightly less
with 66 (76%) students ranking this option as either their
no.l or no. 2 choice. There were few students who indicated
that their primary reason for using the teaching files was



TaBLE 4: Comparison of student opinion of Radiology Teaching
Files from Fall 2009 versus Fall 2010.

Searchable WeDb Portal

Data Database (2009)  (2010)  © value
Helpful in exam <0.001*
preparation?
Very helpful 8 (9%) 40 (46%)
Helpful 16 (19%) 36 (41%)
Somewhat helpful 22 (26%) 9 (10%)
Not helpful 4 (5%) 2 (2%)
Did not use 35 (41%) 0 (0%)
user-friendly? <0.001*
Excellent 3 (4%) 28 (32%)
Good 16 (19%) 41 (47%)
Satisfactory 23 (27%) 16 (18%)
Poor 8 (9%) 2 (2%)
Did not use 35 (41%) 0 (0%)
* Statistically significant.
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FIGURE 4: This bar graph illustrates the responses of the students
regarding their ranking of why they utilized the Radiology teaching
files.

because they were free. However, many students ranked this
as their second or third reason for utilizing the site, and this
was the third highest ranked choice overall.

The numbers of students in each of the test score cat-
egories were 2 students with average scores 61 to 70, 11
students with scores 71 to 80, 37 students with scores 81 to
90, and 37 students with scores 91 to 100. There appeared
to be a trend for the highest scoring students (91 to 100
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F1GURrE 5: This bar graph groups the students by the performance on
the Gross Anatomy exams and depicts how frequently they utilized
the Radiology teaching files.

averages) to utilize the web portal more frequently than
the 71-to-80 and 81-to-90 groups (Figure 5). However, there
were insufficient numbers of students in the various test score
groups to perform a chi-square analysis with any sufficient
degree of certainty.

There were no students who completed the survey that
did not use the radiology-based teaching materials available
on the web site. This finding was consistent with required
prelecture study files and subsequent review files that were
provided as study aids for similar material that would be
tested. The web server traffic pattern demonstrated a baseline
of 30 to 40 hits per day. The number of hits increased to over
100 during the two to three days prior to an exam.

There were minimal technical or design difficulties in
the creation and maintenance of the web portal. After being
introduced to the web portal on the first lecture, no students
reported any difficulty accessing the Radiology teaching
files from home or at the school computer labs. Trials of
accessing the site with various web browsers, including
Internet Explorer 8, Safari 4, Flock 2, Chrome 3, Opera
10, Netscape Navigator 9, and Firefox 3.5, demonstrated
no loss of functionality. There were no instances where the
server went down throughout the course. At the end of
the course, there were multiple students who suggested that
the functionality of the online PACS modules needed to be
improved. Students expressed frustration with the fact that
the modules required the student to identify a structure
correctly before moving to the next question. For example,
one student noted that “It would be really helpful if the
online modules allowed you to get a hint if you cannot find
a structure. The way the quizzes are set up currently, if you
cannot find something, you just have to skip it and move
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jhurads4anatomy.com online radiology teaching files survey

1. Gross anatomy radiology online teaching files (jhurads4anatomy.com)

survey

1. How old are you?

O <22years O 22to 25years O >25years
2. What was your undergraduate degree?
O Biology O Chemistryor O Computer O Engineering O Fine arts O Other
physics science

3. Do you have a higher degree?

[0 Masters 0 MPH [0 Other
[0 PhD or doctorate 0 MBA
4. What was your average score on the anatomy radiology image quizes?
O 0-50 O 51-60 O 61-70 O 71-80 O 81-90 O 91100
5. How helpful do you find each of the following in your preparation for the anatomy
exams?
2 = somewhat
0 = did not use 1 = not helpful helpful 3 = helpful 4 = very helpful
The online radiology teaching files O O O (e} O
Other online resources @) @) (@] O o
Lectures (@) (@) (@) @) @)
Textbooks o o o o o
Anatomy Atlas (@) (@) O @) @)
Gross dissection O @) @) O @)
Other o (@) o @) O
6. Please rank the reasons you utilized the online Radiology teaching files.
#1 #2 #3 #4
The material was going to o o o o
be tested.
The files were helpful as a o o o o
supplement for learning
anatomy
The files were free @) @) O @)
The files were easy to e} e} e} o
access at different sites
7. On average, how frequently do you use the online radiology teaching files?
O Daily O Weekly O Occasionally O Never
8. Where did you most often utilize the online radiology teaching files resource?
O Never used O From home O Student computer lab O Other
9. How user-friendly did you find the online radiology teaching files?
O Did not use O Poor O Satisfactory O Good O Excellent
10. How helpful did you find each of the components of the online radiology teaching
files?
0 = did not use 1 = not helpful 2 :h:);r;z‘lvhat 3 = helpful 4 = very helpful
Normal labeled anatomy image O O O O O
Abnormal cases with radiologic o o) o) o) o

findings
11. What anatomy do you think you would have benefited from seeing more examples in
the online radiology teaching files (check all that apply)?

[0 Abdomen [0 Extremities [J Head/neck
[0 Thorax [ Pelvis
12. How helpful is the integration of radiology into first year gross anatomy?
O Not helpful O Somewhat helpful O Helpful O Very helpful
13. How have the radiology lectures/online teaching files affected your interest in
radiology?
O Large decrease O Some decrease O No change O Some increase O Large increase

14. Any other comments or suggestions:

I \

FIGURE 6




onto something else. The CTs would be much more helpful
if it were possible to view an index of all of the labeled items.”
Similarly, another student is quoted as saying, “The website is
a good start. I would want a system where the different parts
of the radiographs are already labeled so that I do not have to
randomly click around the image to find one tiny structure.”
Another area the students suggested for improvement was
to add even more teaching files. 74 (85%) of the students
indicated that they would benefit from more cases from one
or more anatomic site. The most common sites indicated
were head and neck (n = 65, 88%) and extremities (n = 38,
51%).

5. Conclusions

Recent student feedback at our institution suggested the need
for a more organized approach for presenting the Radiology
component of the first year medical school Gross Anatomy
course. Based on feedback from earlier efforts and assess-
ment of studies that have shown successful approaches for
implementing web portals for clinical practice, efforts were
made to better organize Radiology teaching files prepared for
Gross Anatomy. In general, the results of the present study
suggest that organizing web material to better correspond to
Anatomy course work and providing it in a structured set of
links in a web portal was associated with increased student
satisfaction and utilization of the resource.

One of the factors that may have facilitated the devel-
opment of a useful tool for Gross Anatomy students is that
some of the authors are medical students or are only a few
years removed from taking the course themselves and can
relate to what material may be useful for Gross Anatomy
study. This hypothesis is supported by a recent study by
Rosenbaum et al. [16]. They evaluated medical student
involvement in the development of a website to act as each
individual medical student’s homepage. They created a web
portal that provided students with access to course material,
evaluations, academic information, and community assets.
Based on greater than 80% positive feedback regarding the
web portal, they recommended that other medical schools
that are creating and expanding digital resources should
solicit the valuable input and perspective of medical students.

It was and will be difficult to analyze the effect of the
web portal on student performance since it was felt to be
inappropriate to withhold access from half the class for a
controlled comparison. Our students are highly motivated
and sophisticated learners, as well as “digital natives” accus-
tomed to using web resources; it was felt their comments
and satisfaction scores were legitimate metrics of utility
or the resource. There also continue to be changes in the
overall Gross Anatomy course structure and student testing
reflecting as our medical school’s new curriculum moves
through its second year, further complicating comparison of
test scores or grades from the initial year of web site usage to
the second year with the improved/modified web material.

Although the primary objective for the present study was
to create user-friendly teaching files for anatomy students,
the ultimate goal of the Radiology research team working
on this project was to create the foundation for a medical
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student and resident Radiology education web portal. The
concept for the web portal was derived from previous
studies at our institution that have highlighted the benefit of
longitudinal directed teaching [7, 17]. For example, Feigin
et al. reported that recall and retention toward the end
of medical school was facilitated by providing preclinical
instruction followed by review of the material later in school
[7]. They reported that senior students benefited from
previously received preclinical radiology training as they
were able to improve their score on an anatomy quiz from
an average of 4.42 (standard deviation 1.34) to a score of
8.65 (standard deviation 1.24) only three weeks later. The
goal for the web portal in the present study is to provide a
similar benefit but in an electronic format. The web portal
design updates that have now been included in an effort to
meet this goal are components for (1) imaging modules to
be integrated into the basic clerkships (PRECEDE Modules
for third year medical students), (2) lectures from The Johns
Hopkins Basic Radiology Elective (for third- and fourth-
year medical students), and (3) Johns Hopkins Radiology
Resident Joint Procedure notes (for residents). For those
students interested in pursuing a career in radiology or just
looking for residency match advice, a residency application
guide (APPS of STEEL) created by the senior author was
also included. Finally, links to other recommended anatomy
and radiology resources were incorporated into the site to
allow students and residents to further their interest in the
field.

While all of this functionality of the portal was cus-
tomized for a single institution, the authors are assessing
possible collaborations with other institutions. There is a
potential to provide a more universal product. This product
could potentially be provided to international colleagues who
may not have the funds to develop a similar resource. To
provide this outreach, it is conceivable that such a product
could linked to be included under the umbrella of a larger
entity with greater outreach such as the MedEAPORTAL.

The students indicated that the number one reason for
accessing the files was to prepare for the material possibly
being on the test. Although this may have been the primary
incentive, it is important to note that regardless of the
reason the students accessed the material initially, there
were a large number of students who subsequently found
the material to be user friendly and helpful in learning to
identify anatomic structures. Furthermore, it is reasonable
to expect students who are required to utilized material
that will be tested to be more hypercritical of the material.
As such, the improvements in reported user-friendliness of
the electronic material are arguably more substantial. Of
interest, students constantly came forward or emailed us
during the semester to make constructive suggestions or to
inquire about joining the project, also implying engagement.
These findings suggest that Educators should recognize that
by informing students that material will be on their tests,
a majority if not all of the student body will review the
resource. The goal of the Educator, however, should not
only be to have students utilize the resource but to also
provide material that is user friendly and provides optimal
educational value. If Educators are considering a digital
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format for distributing material, a structured web site can be
a tool to provide easy access, in a user friendly format.

Similar to other questionnaire-based studies, one of the
limitations of the present study is the number of students
who do not participate. As previously noted, the response
rate of 73% for the present study was similar to the rate
for the survey from the previous year. This response rate
is approximately one standard deviation above the normal
response rates reported in the literature [18]. While it is
uncertain how the remaining 27% of students would have
answered the survey questions, we believe that based on
the reported demographics and test scores that the study
population was a fair representation of the class on a whole.
Another limitation is that the survey was not formally vali-
dated prior to online implementation. However, students
did not report problems when completing the survey, and
standard survey functionality provided by the vendor was
utilized to ensure students completed all required questions.
One other limitation was the accuracy of the self-reported
test scores. However, the range of scores reported appeared
to reflect the class actual performance and with no identifiers
for the responses the students had no incentive to not report
their true performance.

In summary, this study suggests that students have a
favorable impression of having a web site with organized
Radiology resources for first-year Gross Anatomy. We are
encouraged by the increased utilization of this resource
compared to the resources provided last year. There remains
room for improvement with students suggesting that they
would benefit from more teaching files and from modules
that allow for a summary view rather than requiring point
by point walk through of the material. Based on the first two
years” experience and survey feedbacks, and our observations
and increasing experience, we will further expand and
refine this teaching resource before the 2011 Gross Anatomy
course and hope to be able to further explore and assess
the initial trends and findings discussed here. Additional
studies are being planned that will further assess other
components of the web portal and the efficacy of the site as
a longitudinal educational resource for students throughout
medical school.
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The three-dimensional (3D) analysis of anatomical ultrastructures is extremely important in most fields of biological research.
Although it is very difficult to perform 3D image analysis on exact serial sets of ultrathin sections, 3D reconstruction from serial
ultrathin sections can generally be used to obtain 3D information. However, this technique can only be applied to small areas of
a specimen because of technical and physical difficulties. We used ultrahigh voltage electron microscopy (UHVEM) to overcome
these difficulties and to study the chemical neuroanatomy of 3D ultrastructures. This methodology, which links UHVEM and light
microscopy, is a useful and powerful tool for studying molecular and/or chemical neuroanatomy at the ultrastructural level.

1. Introduction

The three-dimensional (3D) analysis of anatomical ultra-
structures is extremely important in most fields of biological
research. However, it is considerably difficult to perform
a 3D image analysis of exact serial sets of ultrathin sec-
tions. Although 3D reconstruction from ultrathin sections
(~100 nm thickness) has been generally used to obtain 3D
information, this technique is applicable only for small
specimen areas because of the technical and physical difficul-
ties under the transmission electron microscopy, restricted
to approximately 1 mm? area. On the other hand, due to
tremendous development of various techniques in molecular
biology (e.g., green fluorescent proteins and their color vari-
ants), as well as the development of live imaging techniques,
the structure of biological molecules and their functional
changes are calculated and visualized in 3D at subnanometer
resolution [1, 2]. With the aid of confocal laser scanning
microscopy, it is now possible to image and quantify the 3D
organization of these cell processes; however, the detailed
morphology of the complicated terminal processes of these
cells remains obscure because of the insufficient spatial

resolution of light microscopy and visualization methods
that depend on fluorescence [3-6]. In addition, unstained
domains are very difficult to recognize [3]. In contrast,
conventional transmission electron microscopy provides
extremely detailed and fine structural information, but the
images obtained are mostly 2D due to the physical properties
of this imaging technique (use of ultrathin sections). Con-
sequently, it is too difficult to relate electron micrographs to
the 3D structures of cells.

The high penetration power of electrons at an ultrahigh
accelerating voltage enables the examination of thick sections
of biological specimens. This property of ultrahigh voltage
electron microscopy (UHVEM) is particularly useful for
the morphological study of the central nervous system [7].
Differences in behavioral neuroendocrinology (i.e., control
of reproduction, sexual behavior, and food intake) are
commonly correlated with differences in neuroanatomy. In
the central nervous system, a population of synaptic inputs
from a brain nucleus can influence axosomatic synapses
whereas the structural analysis of multiple major synaptic
inputs into the dendrites located outside the nucleus is dif-
ficult to perform methodologically. However, using UHVEM
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we overcame these difficulties and described a powerful
methodology to study the chemical neuroanatomy of 3D
ultrastructures [8, 9]. Here, 3D analysis of neuroanatomy at
the ultrastructural level using UHVEM is summarized.

2. Golgi Impregnation

The gross morphology of neurons and glial cells have been
described in detail using light microscopy in combination
with various metal impregnation techniques such as Golgi
silver staining [10]. The Golgi method is very useful and has
been utilized by many neuroanatomists over the past century.
Subsequently, the rapid Golgi impregnation procedure, a
newly developed method, is also applied in qualitative
and quantitative characterization of neuronal morphology
analyses both at light and electron microscopic levels [11—
14]. We used rapid Golgi impregnation, in combination
with UHVEM to visualize neuronal structures at the electron
microscopic levels.

Rats were overdosed with sodium pentobarbital
(100 mg/kg body weight), and perfusion fixed using 2.5%
paraformaldehyde and 2.5% glutaraldehyde in a 0.1M
phosphate buffer (PB; pH 7.4). Brain sections (100-300 ym
thickness) were prepared using a microslicer (Dosaka EM,
Kyoto, Japan). After the sections were processed using the
rapid Golgi technique as described elsewhere [11, 12],
the tissues were dehydrated and flat embedded in epoxy
resin and preliminarily examined using a light microscope
[8]. Appropriately Golgi-impregnated neurons in the
hippocampus were selected for the following procedures.
Thick sections of selected neurons were remounted for
further sectioning. Two to five-micrometer thick sections
were cut using an ultramicrotome (Ultracut, Reihert-Jung,
Wetzlar, Germany) and collected on copper grids. Each
specimen was first photographed using a light microscope
for reference purposes, then examined using UHVEM
(Hitachi H-1250 M; National Institute for Physiological
Sciences, Okazaki, Japan) at an accelerating voltage of
1,000kV. Stereopaired photomicrographs were prepared
using UHVEM by tilting the specimen stage +8°.

In the hippocampus, excitatory synapses develop very
rapidly and most of the components necessary to perform
their complex functions can be found during the early
postnatal period [15]. Over 90% of the excitatory synapses
are formed on small postsynaptic protrusions that are known
as “dendritic spines” [16]. Dendritic spines are the major
excitatory input sites of the hippocampal pyramidal neurons
and are related to learning, memory, functional recovery, and
plasticity of the central nervous system [17]. Accordingly,
the precise morphometry of these structures is indispensable
for a better understanding of neuronal function and useful
for modeling neuronal circuitry. A 3D morphometric study
was performed using stereopaired UHVEM images. First,
nontilted and =8°-tilted UHVEM images of 4-ym thick
specimens were examined. UHVEM stereoscopic analysis
of the thick Golgi-impregnated materials revealed that the
thorny processes appeared as a bunch of grapes, consisting
of long protrusions that were studded with many bulbous
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FIGURE 1: Stereopaired UHVEM images obtained by tilting the
specimen stage +8° to reveal the 3D structure of the impregnated
Golgi dendrites of CA1 pyramidal neurons of the hippocampus.

appendages (Figure 1). Because dendritic spines are the
major excitatory input sites of the neurons in the central
nervous system [16], 3D morphometric analysis, in combi-
nation with Golgi impregnation and UHVEM stereopaired
images, is very useful for elucidating the neural functions of
living matter (Figure 1).

3. Retrograde Tracing and
Immunocytochemistry

Onuf’s nucleus, located in the ventral horn of the sacral
spinal cord of many mammals, including humans, is a
sexually dimorphic nucleus that innervates the perineal
muscles that are involved in sexual behavior. In humans, it
is a distinct group of neurons located in the ventral part
of the anterior horn of the sacral region of the spinal cord
involved in the maintenance of micturition and defecatory
continence, as well as muscular contraction during orgasm
[18]. The number of neurons in Onuf’s nucleus is greater
in males than in females [18-21]. On the other hand, the
spinal nucleus of the bulbocavernosus (SNB) of rats, located
in the lower lumbar and upper sacral spinal segments, is
homologous to Onuf’s nucleus in that it innervates the
striated perineal muscles that are attached to the base of
the penis [21-23]. The distribution of serotonergic fibers
and terminals in this nucleus in rats is also different
between the sexes (male dominant) [24-26]. SNB also plays
a significant role in male sexual functions in the rat [22,
23, 27, 28]. Male rats have a larger and a greater number
of SNB motoneurons than females; this dimorphism results
from differences in perinatal androgen signaling through a
mechanism mediated by the androgen receptor [22]. On the
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other hand, we recently reported that a collection of neurons
within the upper lumbar spinal cord (L3-L4 level) project
axons with gastrin-releasing peptide (GRP) to the lower
lumbar spinal cord, controlling male reproductive functions
in rats [9, 29, 30]. It has also been reported that the sexually
dimorphic distribution of GRP-immunoreactive fibers in
the lower lumbar spinal cord is profoundly regulated by
circulating androgen levels [31], mirroring changes in SNB
motoneuron arborizations and other synaptic populations
[23]. However, due to methodological difficulties, no direct
evidence has been reported regarding GRP synaptic inputs
to the SNB motoneurons. The aim of the current study
was to determine the axodendritic synaptic inputs of GRP
neurons that project into perineal SNB motoneurons and
bulbocavernosus muscles. Immunoelectron microscopy, in
combination with a retrograde tracing technique using
UHVEM, was employed to visualize the 3D ultrastructures
of the central nervous system [8].

Rats were deeply anesthetized using intraperitoneal
injections of 50 mg/kg body weight sodium pentobarbital
and bilaterally injected with 1uL of 0.2% cholera toxin f
subunit-horseradish peroxidase conjugate (CTb-HRP; List
Laboratories, Cupertino, CA, USA) into the bulbocavernosus
muscles. Rats were overdosed with sodium pentobarbital
(100 mg/kg body weight) 48—96 h after the CTb-HRP injec-
tion, and then perfusion fixed with 4% paraformaldehyde,
0.2% glutaraldehyde, and 1.25% picric acid in a 0.1 M PB
solution (pH 7.4). Spinal cords were immediately removed
and immersed in the same fresh fixative for 3 h. Spinal
sections (L5-L6 level; 30 ym thickness) were prepared using a
microslicer (Dosaka EM). Next to visualize SNB somata and
dendrites, retrogradely labeled with CTb-HRP, the tetram-
ethylbenzidine (TMB)/diaminobenzidine- (DAB-) nickel
method was performed as previously described [32]. Sodium
tungstate was used as the stabilizer. Sections were then placed
in a 0.1 M PB with 25% sucrose and 10% glycerol for 1h
for cryoprotection, then freeze-thawed using liquid nitrogen
to enhance the penetration of the antibodies. After blocking
with phosphate buffered saline (PBS; pH 7.4) containing
0.05% Triton X-100, 1% normal goat serum, and 1% BSA
for 2h, the sections were incubated in rabbit anti-GRP
serum (Phoenix Pharmaceuticals, Burlingame, CA, USA) at
a 1:5,000 dilution in the blocking solution, for 5 days at
4°C. After washing with PBS, the sections were treated with
biotinylated goat anti-rabbit IgG (Nichirei, Tokyo, Japan),
at a 1:1,000 dilution in the blocking solution for 3h at
room temperature. After washing with PBS, GRP immunore-
activity was developed using the streptavidin-biotin-HRP
complex/DAB-nickel method, as previously described [29,
33]. After washing with 0.1 M PB, the sections were placed in
a 0.1 M PB solution with 1% OsO,4 for 90 min, dehydrated,
and flat embedded in epoxy resin. The embedded sections
were viewed using an Olympus Optical BH-2 microscope
(Tokyo, Japan), and regions that may contain GRP synapses
were selected. These sections were further cut into serial
2 um-thick semithin sections and collected on copper grids
coated with collodion film. Each specimen was first pho-
tographed using a light microscope for reference purpose,
then examined using UHVEM at an accelerating voltage of

1,000 kV and conventional transmission electron microscopy
(EM; JEM-1220, JEOL, Tokyo, Japan) at an accelerating volt-
age of 80 kV. Stereopaired photomicrographs using UHVEM
were prepared by tilting the specimen stage +8°. Neuronal
profiles were identified using the criteria described by Peters
et al. [34].

Retrograde tracing is a reliable neuroanatomical method
used to locate the somata and dendrites of the motoneurons
that innervate the somatic muscles [29, 32, 35]. Neurons,
retrogradely labeled with CTb-HRP, were visualized by the
TMB method, and were observed only in the SNB at
the fifth and sixth lumbar segments of the spinal cord.
Using light microscopy, we found densely stained somata
and dendrites that were diffusely distributed, or in a dot-
like fashion, and often appeared to make close appositions
with immunolabeled GRP-immunoreactive axons. These
appositions were particularly abundant in the dorsal gray
commissure (DGC). GRP-immunoreactive somata were not
observed in the SNB.

In terms of their ultrastructures, the TMB reaction
products in the CTb-HRP-labeled SNB neurons were also
diffusely distributed within the cytoplasm, as revealed by
UHVEM and conventional EM [8, 32]. The TMB reaction
products were more electron-dense than the DAB reaction
products of the GRP-immunoreactive axons [8]. The TMB
reaction products were electron-dense small bodies, with
a 3D radial spindle-like shape in clusters of various sizes
within the cytoplasm and dendrites (Figure 2). The DAB
reaction products were visualized as fine, fuzzy materials
that were homogeneously distributed throughout the axons
and terminals of the GRP neurons (Figure 2). Strikingly,
the 3D TMB crystalline structures were clearly observed
by UHVEM and were easily distinguishable from the DAB
reaction products (Figure 2). Interestingly, 3D analysis with
a polarizing lens revealed that some populations of the GRP-
immunoreactive terminals possibly formed synaptic contacts
with the SNB motoneurons [8]. GRP-immunoreactive axons
were also found to wind around a single distal dendrite
within the DGC. Taken together, these results suggest that
GRP-containing afferents to SNB motoneurons regulate male
sexual reflexes via these synapses, since the contraction of
bulbocavernosus muscles is involved in penile erection [36].

Conventional EM method revealed synaptic inputs into
the SNB motoneurons that innervate the bulbocavernosus
muscles [8]. In the analysis of ultrathin serial sections we
identified a single synaptic GRP input to a TMB-labeled
dendrite; however, multiple inputs were not identified. Con-
ventional EM analysis of the ultrathin serial sections (60-nm
thick) only revealed a single synaptic input even though both
GRP-immunoreactive fibers and SNB motoneuron dendrites
are broadly distributed throughout the DGC. By studying the
stereopaired UHVEM images, fine, 3D, axonal projections of
GRP neurons to CTb-labeled SNB dendrites were observed
in a wide but discrete area. Since the semithin sections (2 ym
thick) were first visualized using light microscopy and then
analyzed using UHVEM (Figure 2), this report is able to
definitively conclude that the ability of UHVEM to detect
synaptic formations is superior to conventional EM.



FIGURE 2: Stereopaired UHVEM images obtained by tilting the
specimen stage =8° reveal the 3D structure of the axonal projections
(white asterisks) of a single SNB dendrite. The arrow indicates an
electron-dense TMB reaction product of an SNB dendrite with the
characteristic radial structure. This figure was reproduced from the
research by Sakamoto et al. [8] with permission.

4. Conclusions

Here, we summarize the 3D analysis of neuroanatomy
at the ultrastructure level using UHVEM. Both UHVEM
stereoscopy and morphometry are useful for elucidating
the functions of living matter. These techniques can easily
be combined with Golgi impregnation, conventional neu-
rotracing, and/or immunoelectron microscopic methods to
reveal the fine details of 3D neuroanatomy. In conclusion, we
believe that this mixed methodology, which links UHVEM
and light microscopy, is a useful and powerful tool for
studying molecular and chemical neuroanatomy at the
ultrastructural level.
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We report on the recently emerging (laser) light-sheet-based fluorescence microscopy field (LSFM). The techniques used in this
field allow to study and visualize biomedical objects nondestructively in high resolution through virtual optical sectioning with
sheets of laser light. Fluorescence originating in the cross-section of the sheet and sample is recorded orthogonally with a camera.
In this paper, the first implementation of LSFM to image biomedical tissue in three dimensions—orthogonal-plane fluorescence
optical sectioning microscopy (OPFOS)—is discussed. Since then many similar and derived methods have surfaced, (SPIM,
ultramicroscopy, HR-OPFOS, mSPIM, DSLM, TSLIM, etc.) which we all briefly discuss. All these optical sectioning methods
create images showing histological detail. We illustrate the applicability of LSFM on several specimen types with application in

biomedical and life sciences.

1. Introduction

Serial (mechanical) histological sectioning (SHS) creates
physical slices of fixed, stained, and embedded tissues which
are then imaged with an optical microscope in unsurpassed
submicrometer resolution. Obtaining these slices is however
extremely work intensive, requires physical (one-time and
one-directional) slicing and thus destruction of the speci-
men. A 2D sectional image reveals lots of histologically rele-
vant information, but a data stack and its 3D reconstruction
are even more essential for the morphological interpretation
of complex structures, because they give additional insight
in the anatomy. The SHS method requires semiautomatic to
manual image registration to align all recorded 2D slices into
order to get realistic 3D reconstructions. Often dedicated
image processing of the sections is needed because of the
geometrical distortions from the slicing.

A valuable alternative to achieve sectional imaging
and three-dimensional modeling of anatomic structures
can be found in the little known and relatively recent
field of microscopy called (laser) light-sheet-based fluores-
cence microscopy or LSEM. These nondestructive methods

generate registered optical sections in real-time through
bio(medical) samples ranging from microscopic till macro-
scopic size. LSFM can reveal both bone and soft tissue at
a micrometer resolution, thus showing a large amount of
histological detail as well.

The first account of the LSFM idea was published by Voie
et al. in 1993 and applied to image the inner ear cochlea of
guinea pig [1]. Their method was called orthogonal-plane
fluorescence optical sectioning (OPFOS) microscopy or
tomography. The motivations for the OPFOS invention were
(1) the above-mentioned disadvantages of serial histological
sectioning, (2) the typical photobleaching of fluorophores
in conventional or confocal fluorescence microscopy, and
(3) the fact that samples are optically opaque which means
a limited penetration depth and inefficient delivering and
collecting of light.

Surprisingly, all these problems can be avoided by
combining two old techniques. Voie was the first to combine
the Spalteholz method of 1911 [2] with the even older Ultra-
microscope method of 1903 [3]. In most microscopy tech-
niques, the same optical path and components are used for
the illumination and the observation of light. Siedentopf and



Nobel Prize Winner Zsigmondy made a simple change of the
optical arrangement in their ultramicroscopy setup by sep-
arating the illumination and viewing axis [3]. Furthermore,
their illumination was performed by a thin plane or sheet of
light. Orthogonal viewing or observation of this sheet offers
full-field and real-time sectional information. Their method
was originally developed for gold particle analysis in colloidal
solutions with sunlight. OPFOS used the same optical
arrangement but for tissue microscopy. The separation of
the illumination and imaging axis combined with laser light
sheet illumination only illuminates the plane that is under
observation (in contrast to confocal microscopy) and thus
avoids bleaching in sample regions that are not being imaged.
Generally, samples are optically opaque so the plane of laser
light cannot section the sample. Spalteholz introduced a
clearing method which dates back exactly 100 years [2]. His
museum technique is capable of making tissue transparent
by matching the refractive index throughout the entire object
volume by means of a mixture of oils with refractive indices
close to that of protein. Submerged in this Spalteholz fluid, a
prepared specimen appears invisible, with light passing right
through it unscattered and without absorption. This clearing
or refractive index matching is essential for the OPFOS tech-
nique to achieve a penetration depth of several millimeters.
This procedure is followed by staining of the sample with
fluorescent dye or just by relying on naturally occurring
autofluorescence. The sectioning laser plane activates the
fluorophores in the cross-section of sheet and sample, which
are finally orthogonally recorded by a camera.

OPFOS utilizes yet a third method in conjunction with
the two previous techniques when the specimen contains
calcified tissue or bone. In this case, the calcium first needs to
be removed before the Spalteholz procedure is applied. Bone
cannot be made transparent, as the calcium atoms strongly
scatter light.

Since 1993, many OPFOS-like derived methods were
developed for tissue microscopy, all based on light sheet illu-
mination. “LSFM” has become a broadly accepted acronym
to cover the whole of these techniques. In the discussion,
we will give a short overview of this OPFOS-derived LSFM
microscopy family. First, we will explain in detail the
specimen preparation and the optical arrangement of the
original OPFOS setup. The remainder of this paper will serve
to demonstrate some applications of OPFOS.

2. Materials and Methods

2.1. Specimen Preparation. In most LSFM methods, the
biomedical tissue samples are severely limited in size, though
for instance the LSFM implementations of Ultramicroscopy,
HR-OPFOS, and TSLIM (cf. the discussion section) are
capable of imaging macroscopic samples up to tens of mil-
limeters [4]. In all cases, an elaborate specimen preparation
is required.

(i) Euthanasia: living animals cannot be used in combi-
nation with clearing solutions. In general, LSFM is
thus mainly used in vitro. Clearing can be omitted,
and living animals can be used if the species possesses
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a natural transparency at a certain developmental
stage, for instance fish embryos [5, 6]. The embryos
are immobilized by embedding in agarose.

(ii) Perfusion: before dissecting a sample to the required
dimensions, transcardial perfusion with phosphate
buffered saline is useful as coagulated blood is diffi-
cult to clear with Spalteholz fluid [7-9]. If perfusion
is omitted, bleaching is required.

(iii) Fixation: immersion in 4% paraformaldehyde (10%
formalin) for 24h or more for preservation and
fixation of the specimen.

(iv) Bleaching: optional bleaching in 5% to 10% hydrogen
peroxide for one hour up to several days can be
performed when the sample contains dark pigmented
tissue (e.g., black skin and fish eyes) [10]. This step
can also be applied after decalcification [11].

(v) Decalcification: when the specimen contains calcified
or mineralized tissue, such as cartilage or bone, decal-
cification is in order. A 10% demineralized water
solution of dihydrate ethylenediaminetetraacetic acid
(EDTA) slowly diffuses calcium atoms from the
sample through a chelation process. Low-power
microwave exposure (without heating) drastically
accelerates the decalcification process from a month
to several days [12, 13].

(vi) Dehydration: immersion in a graded ethanol series
(fi., 25%, 50%, 75%, 100%, and 100% each for 24 h)
removes all water content from the sample [12]. In
the final 100% step, optional addition of anhydrous
copper sulfate at the bottom of the ethanol bath
might improve the dehydration [14].

(vii) Hexane or benzene: the optional immersion in a
graded series of hexane or benzene is said to improve
dehydration further [8, 11, 14, 15]. Furthermore,
hexane might assist in clearing myelin present in the
tissue sample. Nerve axons are surrounded by myelin
sheets which do not easily become transparent with
Spalteholz fluid.

(viii) Clearing: to achieve large volume imaging in inher-
ently less transparent samples, clearing is needed. The
specimens are to be immersed in clearing solution,
either through a graded series (f.i., 25%, 50%, 75%,
100%, and 100% each for 24 h) when the hexane or
benzene step was skipped [12], or directly in 100%
pure clearing solution when hexane or benzene was
applied [8, 11]. The clearing solution mimics the
refraction index of protein and matches the refraction
index of the sample to the solution. The solution can
either consist of pure benzyl benzoate followed in a
later stage by the final mixture [14], or directly of this
mixture solution. A 5:3 mixture of methyl salicylate
and benzyl benzoate is called Spalteholz fluid [1, 2, 7].
For brain tissue, a 1:2 mixture of benzyl alcohol and
benzyl benzoate has been found to give better results
[8, 11].
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(ix) Staining: the required fluorescence can originate
from auto-fluorescence from lipofuscins, elastin,
and/or collagen [8]. Fluorescent staining can be
applied by immersion in a dye bath (of fi., Rho-
damine B isothiocyanate in clearing solution [1]) or
even by functional staining. However, many fluores-
cent dyes deteriorate or even break down completely
because of the aggressive clearing solution used, for
example, GFP.

2.2. Optical Setup. In what follows, the original OPFOS
setup is discussed as it was introduced by Voie et al. in 1993
[1]. Many improved versions have been developed since, all
based on the OPFOS or ultramicroscopy design (cf., the
discussion).

The setup is represented in Figures 1 and 2. The prepared
sample is illuminated by an XY -sheet of laser light travelling
along the X-axis. The omnidirectional fluorescence light
emitted in the positive Z-axis is used for imaging. Virtual
section images in the XY-plane are hence recorded; by
translation of the specimen along the Z-axis, an aligned
sequence of section images is obtained.

An essential requirement for OPFOS is the generation of
a laser light sheet. In practice, it is impossible to generate a
perfect plane or sheet of light; however, using a cylindrical
lens a sheet can be approximated. A Gaussian laser beam is
first expanded and collimated by a Keplerian beam expander.
The broadened beam then travels along the X -axis through a
cylindrical lens which focusing light in only one dimension
to a line along the Z-axis. Along the Y-axis, the Gaussian
beam is unaltered, cf. Figure 1. In the XZ-plane, the light
sheet has a hyperbolic profile in the focal zone, cf. Figure 3.
The Z-thickness of the profile increases in either way along
the X-axis when moving away from the minimal beam waist
focus d;. The Rayleigh range xy is the distance on either site
of the minimal focus d; where the hyperbolically focused
beam has thickened to /2d;. This variable is described by
the expression by = 2xg = md?/2A, where b; is called the
confocal parameter or the total distance in which a focus
smaller than +/2d; is maintained. The numerical aperture
of the cylindrical lens is inversely related to the confocal
parameter b; and directly proportional to the beam waist
focal thickness d.

The height of the beam in Y-direction combined with
the confocal parameter b, along the X-axis defines the size
of the XY-sheet which sections the sample. The specimen
consequently has to fit within this zone. A trade-off exists
between maximal image and sample width (=~ b;) and the
sectioning thickness v/2d; (~ 1//b;).

In summary, an OPFOS image has a slicing thickness d;
in the center, growing to +/2d; at the edges xg. Everything
within the thickness of the laser light sheet is integrated into a
flat section image, so actually a varying thickness and slicing
resolution is integrated in the 2D image. The wavelength of
the laser light depends on the fluorophore that is to be exited.
A green laser (532 nm) is suited to excite Rhodamine B, while
the blue laser (488 nm) is suited to evoke autofluorescence in
many biomedical tissue samples.

3. Results and Discussion

3.1. Application Examples

3.1.1. Biomechanics of Hearing. As a first illustration of the
above described OPFOS setup, we show an application in
hearing research of the middle ear [16]. Better understanding
of the biomechanics of hearing through finite-element
modeling requires accurate morphology of the hearing bones
and their suspensory soft tissue structures. In Figures 4 and
5, OPFOS cross-sections in gerbil (Meriones unguiculatus)
middle ears are shown, which can be segmented and
triangulated into 3D surface mesh models, cf. Figure 6.
Thanks to the OPFOS technique, the sections through the
sample can be visualized in real time and clearly show
histological detail on both bone and soft tissue.

3.1.2. Morphology of the Brain. In neurology, morphological
brain atlases are a useful tool. To this end, sectional imaging
with histological detail of mice (C57 black Mus musculus)
brain was achieved with the OPFOS method, cf. Figure 7.
The brain was cleared using the Spalteholz method, though
for better results a combination of benzyl alcohol and
benzyl benzoate could be used (cf. the section on specimen
preparation). An extra hexane immersion step might further
improve clearing of the brain.

3.1.3. Biomechanics of Small Vertebrates. In morphological
studies, functionality of a musculoskeletal system requires
the visualization of both skeleton and muscles. For example,
the authors gained insight into the feeding mechanisms of
newly born seahorses (Hippocampus reidi) by investigating
the shape, volume, and orientation of the sternohyoideus
muscle with OPFOS (Figure 8). This conspicuous muscle
spans from the shoulder girdle to the hyoid bar, assisting in
an extremely rapid feeding strike in order to suck in prey
[17].

Organogenesis and evolutionary morphology can benefit
from OPFOS as well. The technique allows to discern the
main structural elements of the head of an African clawed
tadpole (Xenopus laevis) without any dissection. We could
visualize many different tissue types, such as muscle, skeletal,
and nervous tissues, and discriminate between them by their
distinct (auto)fluorescence gray scales, cf. Figure 9. Skeletal
structures were depicted as the darkest mass, corresponding
to the lowest autofluorescence. By contrast, the nervous
system (brain) was the brightest part, and to a lesser
extent also the muscles showed high fluorescence. A 3D
reconstruction based on the gray scales in the OPFOS image
stacks illustrates this in Figures 9 and 10.

3.2. LSFM Drawbacks. The elaborate specimen preparation
required in OPFOS and other LSFM techniques is a major
disadvantage. The method is considered nondestructive;
however, dehydration removed all water content and decalci-
fication did the same with calcium. It is clear that shrinkage
is thus unavoidable and in the same order of magnitude as
serial histological sectioning [16, 18, 19].
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FIGURE 1: Schematic drawing of the (HR-)OPFOS setup: light from a green (GL) or blue laser (BL) passes through a Keplerian beam
expander (BE) with spatial filter, a field stop (FS), and a cylindrical achromat lens (CL) which focuses the laser along one dimension within
the transparent and fluorescent object (O). A two-axis motorized object translation stage (OTS) allows scanning of the specimen and imaging
of different depths. The fluorescence light emitted by the object is projected onto a CCD camera by a microscope objective lens (OL) with
fluorescence color filter (CF) in front. The focusing translation stage (FTS) is used to make the objective lens focal plane coincide with the

laser focus.

FIGURE 2: A 3D setup representation of an (HR-)OPFOS setup with two-sided cylindrical lens sheet illumination and with two laser

wavelengths (green and blue). The blue laser is active here.

The accuracy of measurements based on OPFOS sec-
tions depends greatly on the quality of the transparency
of the sample and thus on the bleaching, dehydration,
and decalcification process. Dark or dense regions in the
sample, remaining water content or calcium atoms, refract
or scatter laser light, leading to out-of-focus illumination and
blurring. Furthermore, the illuminating light sheet entering
the sample from one side can be partially absorbed in dense
regions resulting in loss of excitation light and fluorescence
on the far side of the region. Remaining pigment or zones of
less(er) transparency also create this kind of shadows. These
stripes or shadow line artifacts are a typical drawback of

OPFOS-like techniques. Solutions for these stripes have been
implemented, cf. the following section.

Finally, it is important to keep the distance and the
amount of refractive material constant between the laser
light sectioning plane and the observation lens when
sectioning different depths. By translating the refraction-
index-matched sample within the Spalteholz-filled specimen
chamber orthogonally to the light sheet [5, 7], or by rotating
it within the chamber [1, 12], this condition is fulfilled.
However, when the entire specimen holder is moved to scan
an image stack, the focus will degrade as the focal plane and
sectioning plane no longer match [8].
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FiGure 3: The hyperbolic focus profile of a cylindrical lens is shown. OPFOS records 2D images in an approximated planar sheet defined
by the confocal parameter zone b; where the thickness is considered constant at v/2d;. The dark gray area in the center represents the 1/¢2

intensity profile.

150 ym

(b)

FIGURE 4: An OPFOS cross-section of 1600 x 1200 pixels through (a) the scalae and modiolus of a gerbil inner ear cochlea and (b) a closed
Eustachian tube in the middle ear. Rhodamine staining was combined with 532 nm laser light sheet sectioning.

3.3. The OPFOS Family. Optical sectioning with a plane of
light was initiated in 1903 by Siedentopf and Zsigmondy
[3]. Their Ultramicroscopy light sheet idea was revived
90 years later by Voie et al. with the OPFOS microscope
[1, 12, 20]. This invention initiated the LSFM field, but
awareness and growth of the field only followed after the
2004 publication of the Single or Selective Plane Illumination
Microscope (SPIM) in Science by Huisken et al. [5]. Before
in 2002, Fuchs et al. also built an LSFM device but not
for tissue sectioning microscopy [21]. their thin laser light
sheet microscope (TLSM) was used for identification of
aquatic microbes in oceanic seawater (rather in the manner
of Zsigmondy’s Ultramicroscope for colloidal gold particles
[22]). The SPIM implementation was developed at Stelzer’s
EMBL lab in Heidelberg (Germany) and quickly led to
many new and improved designs. The SPIM authors claim

to have invented light sheet illumination and orthogo-
nal observation independently from ultramicroscopy and
OPFOS—though being aware of and citing OPFOS in 1995
[23]—based on their work on oblique confocal (theta)
microscopy [24]. SPIM omits the Spalteholz clearing method
which allows to use living animal embryos that possess
a natural degree of transparency, like Medaka (Oryzias
latipes) and fruit fly (Drosophila melanogaster) embryos
embedded in agarose. Sometimes, multiple SPIM image
stacks are recorded between which the sample was rotated,
and postprocessing combines them into one high-quality
multiview reconstruction.

In 2007, Dodt et al. published a new LSEM setup in
Nature Methods, again called ultramicroscopy in honor of
Zsigmondy, countering the inherent problem of stripe arti-
facts. The authors added optical components to illuminate
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FIGURE 5: 2D virtual cross-sections (1600 x 1200 pixels) from OPFOS microscopy on the gerbil middle ear. (a) Tensor tympani muscle and
tendon reaching down towards the malleus hearing bone. (b) Incudomalleolar and incudostapedial articulation between incus and malleus
hearing bone. Rhodamine staining was combined with 532 nm laser light sheet sectioning. Pixel size 1.5 X 1.5 ym.

(b)

Tendon

Blood Vesse] Cavity

FIGURE 6: A 3D OPFOS reconstruction of Gerbil showing a surface mesh of the stapes hearing bone, a blood vessel running through it,
and the tensor tympani muscle attaching to the stapes head. The blood vessel wall and inner cavity are both separately modeled. Voxel size

1.5 X 1.5 X 5um.

1 mm

(a) (b) (c)

F1GURE 7: Three OPFOS cross sections of 1600 x 1200 pixels at different depths in a mouse brain. Natural autofluorescence of the brain was

achieved using 488 nm laser light sheet sectioning. Pixel size 3 X 3 ym.
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FIGURE 8: 3D reconstruction of the head of a one-day-old seahorse. The OPFOS image data is functionally segmented to study the
morphology of the sternohyoideus muscle, cf. zoom (oblique view of the muscle). Natural autofluorescence of the head was achieved using

488 nm laser light sheet sectioning. Voxel size 3.5 X 3.5 X 5 um.
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FIGURE 9: (a) A transverse OPFOS cross section through a tadpole head with indications of the different tissue types. (b) A 3D reconstruction
of the entire functionally segmented OPFOS image data stack (sensory organs, muscles, cartilage and neuronal structures in different colors)

(frontal view). Voxel size 1.5 X 1.5 X 3 ym.

the sample simultaneously from opposing sides, effectively
reducing the presence of stripes in the images. The Dodt
group focuses on visualizing brain tissue. The same year,
Huisken and Stainier also started implementing bidirectional
sheet illumination (and two constantly pivoting cylindrical
lenses) to reduce these stripes, but his multidirectional SPIM
or mSPIM setup measures each light sheet consecutively
[6]. The resulting two image datasets are computationally
combined yielding an image with minimal stripes. Another
innovation in mSPIM is related to the quality of light sheet
illumination. Each mSPIM cylindrical lens focuses laser light
to a horizontal line into the back focal plane of microscope
objective lens. Hence, the quality and aberrations of the light
sheet is determined by the well-corrected objective and not
by the cylindrical lens.

Whenever using cylindrical lenses for light sheet genera-
tion, the resulting parabolic focus can only be approximated
as a plane over a length described by the confocal parameter,
cf. the section on OPFOS setup. The minimal beam waist
thickness of the parabolic focus widens near the edges of the
confocal parameter with a factor +/2. Consequently, the light
plane has no constant thickness and thus no constant sec-
tioning resolution. Furthermore, a trade-off exists between
the length of the confocal parameter and the thickness of the
plane. Large(r) macroscopic samples require a large confocal
parameter and consequently a thick sectioning plane and
low sectioning resolution. Buytaert and Dirckx resolved
this problem in 2007 by line scanning the sample across
the minimal beam waist, and stitching the section image
columns together [7]. In this way, the confocal parameter is
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FIGURE 10: (a) A photograph of the tadpole after bleaching. (b)
The photograph is superposed with the OPFOS surface mesh of the
tadpole head and body. (c) Color-coded functional segmentation of
individual organs, cf. Figure 9.

allowed to be small, producing a thin sectioning plane and
high sectioning resolution. Their implementation was called
high-resolution OPFOS or HR-OPFOS. The newest version
of HR-OPFOS incorporates bidirectional sheet illumination
as in ultramicroscopy, cf. Figure 2 [4].

In 2008, three new LSFM versions were developed.
Holekamp et al. fixed the light sheet illumination unit to
the observation objective [25]. This implementation was
referred to as objective-coupled planar illumination (OCPI)
used for living brain imaging. Dunsby used a one high
numeric aperture lens in his oblique plane microscope
(OPM) to both illuminate the sample with an oblique light
sheet and observe the fluorescence [26]. Finally, Keller et al.
introduced a new method to generate a light sheet. A tilting
mirror rapidly scans a micrometer thin spherical focus of
laser light into a plane [27]. The method is called digital
scanned laser light sheet fluorescence microscopy (DSLM).

Thin-sheet laser imaging microscopy (TSLIM) by Santi
et al. incorporates many improved features of the previous
devices [28], namely, the bidirectional light-sheet illumina-
tion from ultramicroscopy, the image stitching idea from
HR-OPFOS, and the combination of cylindrical lenses with
aberration corrected objectives from mSPIM.

Finally, Mertz and Kim developed the HiLo LSFM system
[29]. This DSLM-based device counters sample-induced
scattering and aberrations that broaden the thickness of the
sheet illumination. Through sequential uniform and struc-
tured sheet illumination, out-of-focus background can be
identified and rejected in postprocessing, improving the
image quality.

Anatomy Research International

3.4. Commercial Devices. The long-lasting lack of a com-
mercial LSFM device is responsible for the many different
implementations of the basic method and for the unfamil-
iarity of researchers with the technique in certain fields [11].
This is all about to change since now LSFM microscopes have
become commercially available.

Carl Zeiss showed a prototype of a commercial LSFM
device, named SPIM, at the First LSFM meeting in 2009 in
Dresden (Germany). Zeiss is still preparing the launch of
their system, but LaVision BioTec already launched the ultra-
microscope (in collaboration with Dodt) near the end of
2009 at Neuroscience in Chicago (US). The samples are lim-
ited to less than one cubic centimeter and require clearing.
The device is optimized to image juvenile mouse brains and
complete mouse and fruit fly embryos. LaVision acknow-
ledges the initial Ultramicroscopy idea by Zsigmondy, and
OPFOS by Voie as being the first tissue microscopy im-
plementation.

4. Conclusions

We have shown with several applications that the OPFOS
(and derived) methods, better known as light-sheet-based
fluorescence microscopy or LSFM, are a valuable addition
for sectional imaging and three-dimensional modeling of
anatomic structures. LSFM has the major advantage that
the virtual slices are automatically and perfectly aligned,
making it easy to generate 3D models from them. Microscopy
techniques are either focusing on flexibility, imaging depth,
speed, or resolution. LSFM has all these benefits according to
device manufacturers and the LSFM scientific community.
Specimens containing both bone and soft tissue and ranging
from microscopic till small macroscopic in size can be
studied with LSFM, with application in biomedical and
life sciences. This microscopy method is relatively new,
conceptually simple but powerful. Researchers can easily
build their own setup, and even the first commercial devices
are becoming available.
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Computed tomography (CT) and magnetic resonance (MR) image features of the temporomandibular joint (TM]) and associated
structures in two mature dromedary camels were obtained with a third-generation equipment CT and a superconducting magnet
RM at 1.5 Tesla. Images were acquired in sagittal and transverse planes. Medical imaging processing with imaging software was
applied to obtain postprocessing CT and MR images. Relevant anatomic structures were identified and labelled. The resulting
images provided excellent anatomic detail of the TMJ and associated structures. Annotated CT and MR images from this study
are intended as an anatomical reference useful in the interpretation for clinical CT and MR imaging studies of the TMJ of the

dromedary camels.

1. Introduction

The temporomandibular joint (TM]) is a synovial condylar
joint between the base of the zygomatic process of the
temporal bone and the condylar process of the mandible;
its main articular components are the synovial pouches,
articular disc, caudal and lateral ligaments, and joint capsule
[1].

In veterinary medicine, the exploration of the anatomical
structures located in the TM]J and the evaluation of the soft
tissues turn out to be laborious due to its complex anatomical
organization [2-5], which makes it difficult to diagnose
morphological alterations by means of physical exploration
and conventional radiographic studies [6-8].

Nowadays, modern image-based diagnostic techniques,
especially computed tomography (CT) [9-14], and mag-
netic resonance imaging (MRI) [15-21], make possible to
obtain body sections from different tomographic planes,
achieving images with a good anatomical resolution, high
contrast between different structures, and excellent tissue-
like differentiation. The applications of CT and MRI have
revolutionized the practice of veterinary diagnostic imaging.
In large animals, several studies have demonstrated the

clinical value of CT and MRI of the TM] [22-25]. To the
author’s knowledge, there is no published material describing
the results of CT and MRI of the mature camel TM]J. An
accurate interpretation of the CT and MRI normal anatomy
is necessary for the evaluation of pathological tissues.

The objective of this study was to provide an overview
of the normal anatomy of the TMJ of the dromedary camel
using CT, MR images, and transverse gross anatomical
section.

2. Methods

2.1. Animals. Two male mature dromedary camels’ cadaver
heads were used for this study. One was from a 4-year-
old (525kg bodyweight) and the other from an 8-year-old
(638 kg bodyweight) one. Camels were dead for medical
reasons unrelated to the TMJ diseases and did not show
lesions in the head that could influence our results.

The camels belonged to a Camel Farm located in Fataga,
Gran Canaria, Canary Island, Spain. Both heads, sectioned at
the level of atlantoaxial joint, were refrigerated and imaged
immediately to minimize postmortem changes.
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FIGURE 1: Sagittal CT images at the level of the TM]J in a mature camel. (a) Soft tissue window CT image (WW = 4000; WL = 335) and
(b) postprocessing VR muscles-bones CT image (Osirix imaging software). Right lateral view. 1 is temporal muscle; 2 is border of the
temporal fossa; 3 is external acoustic meatus; 4 is temporal venous sinus; 5 is zygomatic process of the temporal bone; 6 is articular disc; 7 is
retroarticular process; 8 is mandibular condyle; 9 is joint capsule; 10 is articular tubercle; 11 is mandibular notch; 12 is coronoid process of
mandible; 13 is ramus of mandible; 14 is digastric muscle; 15 is parotid salivary gland.

(a)

FIGURE 2: Transverse CT images at the level of the TMJ in a mature camel. (a) Soft tissue window CT image (WW = 4000; WL = 335) and
(b) postprocessing VR muscles-bones CT image (Osirix imaging software). Caudal view. 1 is temporal muscle; 2 is squamous part of the
temporal bone; 3 is temporal venous sinus; 4 is zygomatic process of the temporal bone; 5 is articular disc; 6 is mandibular condyle; 7 is joint
capsule; 8 is cortical bone; 9 is masseter muscle; 10 is ramus of mandible; 11 is lateral pterygoid muscle; 12 is tensor and levator veli palatini

muscles.

2.2. CT Scan Technique. CT imaging was performed at the
Radiodiagnostic Service of the Hospital Universitario Insular
of Las Palmas de Gran Canaria (Spain), with a Toshiba
600 HQ scanner (third-generation equipment, Toshiba Med-
ical Imaging System, Tustin, Calif, USA). Throughout the
procedure, the heads were positioned in ventral recumbency
during scanning time.

CT images from the TM]J were obtained in sagittal and
transverse planes with 120 kV and 130 Ma. Best image quality
was obtained by adjusting the window widths (WWs) and
window levels (WLs) setting.

For visualizing soft tissue structures, a soft-tissue window
setting (WW = 4000; WL = 335) was used. In addition,
medical imaging processing software (Osirix) was applied to
obtain postprocessing sagittal and transverse CT images with
clut VR muscles-bones.

2.3. MRI Technique. MR imaging was performed at the
Radiodiagnostic Service of the Clinica San Roque of Las
Palmas de Gran Canaria (Spain), using a superconducting
magnet operating at field strength of 1.5 Tesla (Genesis
Sigma; General Electric Medical System, USA) and a human
coil. Images were acquired in sagittal and transverse planes
with fast spin-echo (FSE) sequences. Throughout the pro-
cedure, the heads were positioned in ventral recumbency
during scanning time.

FSE T1-weighted transverse MR images were obtained
with the following parameters: repetition time (TR) =
340 ms, echo time (TE) = 8 ms, 256 X 224 matrix, and one
excitation. For FSE T2-weighted transverse images, the TR
was 6400 ms, TE was 105ms, 256 X 224 matrix, and one
excitation. In addition, medical imaging processing software
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FIGURE 3: Sagittal FSE MR images at the level of the TM]J in a mature camel. (a) T1-weighted MR image, (b) postprocessing VR muscles-
bones T1-weighted MR image (Osirix imaging software), (c) T2-weighted MR image, and (d) postprocessing VR muscles-bones T2-weighted
MR image (Osirix imaging software). Right lateral view. 1 is temporal muscle; 2 is border of the temporal fossa; 3 is external acoustic meatus;
4 is temporal venous sinus; 5 is zygomatic process of the temporal bone; 6 is articular disc; 7 is retroarticular process; 8 is mandibular condyle;
9 is joint capsule; 10 is articular tubercle; 11 is mandibular notch; 12 is coronoid process of mandible; 13 is ramus of mandible; 14 is digastric

muscle; 15 is parotid salivary gland.

(Osirix) was applied to obtain postprocessing T1- and T2-
weighted MR images with clut VR muscles-bones.

2.4. Anatomical Evaluation. CT and MR images were com-
pared to transverse anatomical section and with anatomy
books [1, 26-28], to identify the normal CT and MRI
anatomy of the TMJ of the dromedary camel. Clinically,
several structures of the TMJ were identified and labelled
according to an internationally accepted veterinary anatomi-
cal nomenclature [27].

3. Results

In this study, anatomical structures of the TMJ of the mature
camel were identified and labelled in five figures (Figures 1,
2, 3,4, and 5).

3.1. CT Images (Figures 1 and 2). The use of the soft-
tissue window permits to identify the articular surfaces
(articular cartilage and subchondral bone), articular disc
and joint capsule, and the relationships between the TM],
external acoustic meatus and masticatory muscles. Each of
these soft tissues showed variable shades of grey, and the
synovial fluid was the lowest attenuating structure. The

squamous part of the temporal bone and the mandible were
easily identifiable because of the high CT density in cortical
bone and the intermediate CT density in their medullary
cavities. The articular disc and joint capsule produced low to
intermediate attenuation. It was not possible to identify the
ligaments, blood vessels, and nerves in CT images. The post-
processing of CT images allowed us to appreciate different
bone structures and soft tissues of the TM], assisting in the
interpretation of the CT images.

3.2. MRI (Figures 3 and 4). Anatomical details of the camel
TM] were evaluated according to the characteristics of signal
of the different tissues.

On FSE T1-weighting sequences, the TMJ bony compo-
nents showed high signal intensity with a granular appear-
ance of the trabecular bone and bone marrow owing to fatty
infiltration and no signal intensity (black) of the cortical
and subchondral bone. The articular fibrocartilage disc and
joint capsule produced low-to-intermediate signal intensity.
The parotid salivary gland and masticatory muscles were
identified. It was not possible to identify the TMJ ligaments,
blood vessels, and nerves in CT images.

On FSE T2-weighted MR images, the cortical and
subchondral bone showed the same dark signal intensity, and
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FIGURE 4: Transverse FSE MR images at the level of the left TMJ in a mature camel. (a) T1-weighted MR image, (b) postprocessing VR
muscles-bones T1-weighted MR image (Osirix imaging software), (c) T2-weighted MR image and (d) postprocessing VR muscles-bones
T2-weighted MR image (Osirix imaging software). Caudal view. 1 is temporal muscle; 2 is squamous part of the temporal bone; 3 is temporal
venous sinus; 4 is zygomatic process of the temporal bone; 5 is articular disc; 6 is mandibular condyle; 7 is joint capsule; 8 is cortical bone; 9
is masseter muscle; 10 is ramus of mandible; 11 is lateral pterygoid muscle; 12 is tensor and levator veli palatini muscles.

the bone marrow appeared less bright than that on SE T1-
weighted images. The articular fibrocartilage disc and joint
capsule produced higher signal intensity. The parotid salivary
gland and muscles had a intermediate signal intensity and
appeared grey. Blood vessels were not differentiated because
there was no blood flow as the camels were dead.

The after processing of MR images allowed us to
appreciate different bone structures and soft tissues of the
TMJ, assisting in the interpretation of the MR images.

3.3. Transverse Anatomical Section of the Left TM] (Figure 5).
The section used in this study provides the comparison
with the CT and MR images and allowed the verification of
anatomic details.

4. Discussion

To the authors’ knowledge, there are no detailed published
studies of the TM]J of the dromedary camel using CT and
MRI, which turns out to be essential for morphologic,

physiologic, and clinical studies involving bones and soft
tissues located in this joint.

CT imaging is a cross-sectional diagnostic technique that
provided excellent detail of clinically relevant anatomy and
offers considerable advantages compared with traditional
radiography and ultrasound for the examination of the
TM]J: a lack of superimposition of the tissues and a higher
differentiation of tissue densities [24, 25, 29]. CT provides
excellent spatial resolution and good discrimination between
bone and soft tissue [9-14, 24, 25, 29, 30]. CT is more
sensitive in detecting diseases and distinguishes normal and
abnormal structures accurately [22-24].

FSE T1- and T2-weighted MR images of the camel TM]
provided details of clinically relevant anatomy, and there
were discrimination of both soft and mineralized tissues [ 15—
21, 29]. MRI leads to an excellent spatial resolution and
good discrimination between the bones and the cephalic
soft tissues, in comparison with other conventional image-
based techniques, due to a higher contrast resolution of
the anatomic structures. MRI is good for understanding the
morphology and the positions of the soft tissues [15-21, 29].
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FIGURE 5: Transverse anatomical section at the level of the left TMJ
in a mature camel. Caudal view. 1 is temporal muscle; 2 is squamous
part of the temporal bone; 3 is temporal venous sinus; 4 is zygomatic
process of the temporal bone; 5 is articular disc; 6 is mandibular
condyle; 7 is joint capsule; 8 is cortical bone; 9 is masseter muscle;
10 is ramus of mandible; 11 is lateral pterygoid muscle.

In addition, an important advantage is that MRI is a pow-
erful technique for obtaining images on various anatomic
planes without repositioning of the animal. Nonetheless,
MRI also shows some disadvantages in comparison to
other exploratory procedures. We emphasize that sedation
is required if the animal is alive, the high cost of such
equipment and the lack of antennas for use in medicine of the
camels. This is the reason why many authors have resorted
to the low intensity of the MRI units or collaboration
agreements with hospitals in human medicine [15-21]. It is
also necessary to stress that MRI is an image-based diagnostic
technique that does not detect the contents of calcium in
organic tissues, and, therefore, its application on studies of
the osseous system is not recommended.

In our study, we used an MRI unit of 1.5T with a
superconductor magnet, which enabled us to obtain high-
definition tomographies. The physical parameters (TR, TE,
matrix, etc.) which we applied to obtain MRI on the sagittal
and transverse spatial planes can be used as an initial valid
reference for this type of exploratory studies on the TM] of
the camel, especially for scientists who initiate themselves
in the application of these modern image-based diagnostic
techniques.

MRI obtained in the sagittal plane allowed us a better
evaluation of the topographic anatomic structures on the
median plane of the TM]J, fundamentally the articular
surfaces and articular disc, as well as the associated and topo-
graphically related structures. The anatomic relationships
were appreciated most easily in the transverse planes. The
anatomy section of the TMJ allows a correct morphologic
assessment and topographic evaluation of anatomical struc-
tures, being useful tool for the identification of CT and MRI
images. A thorough understanding of normal TM]J anatomy
on CT and MR images is essential to optimize the diagnosis

of TM]J disorders [16, 21, 25]. In the same way, we consider
it quite useful to be able to establish some references on
TM]J, in order to scan only selected parts during a clinical
or experimental approach.

The use of CT and MRI in camels is limited because of
cost, availability, and logistical problems to acquire imaging
in large animals [9-11, 13, 14, 17, 19-25]. With developing
technology [30], CT and MR imaging may soon become
more readily available for diagnostic imaging in veterinary
medicine.

5. Conclusions

Our study contribute to a better anatomical knowledge of
the TMJ of the dromedary camel by means of CT and
MRI and is a useful initial reference for clinical studies. CT
is an excellent method for the detailed assessment of the
bony structures. MRI is a valid imaging modality for the
evaluation of the soft tissues. The FSE T1-weighted sequence
should be the baseline to identify the anatomy, and FSE
T2-weighted sequence will better enhance the study of the
articular surfaces and articular disc. The after processing
of CT and MR images allowed us to appreciate different
bone structures and soft tissues of the TM], assisting in the
interpretation of the images.
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Anatomic study related to the anterior cruciate ligament (ACL) reconstruction surgery has been developed in accordance with
the progress of imaging technology. Advances in imaging techniques, especially the move from two-dimensional (2D) to three-
dimensional (3D) image analysis, substantially contribute to anatomic understanding and its application to advanced ACL
reconstruction surgery. This paper introduces previous research about image analysis of the ACL anatomy and its application
to ACL reconstruction surgery. Crucial bony landmarks for the accurate placement of the ACL graft can be identified by 3D
imaging technique. Additionally, 3D-CT analysis of the ACL insertion site anatomy provides better and more consistent evaluation
than conventional “clock-face” reference and roentgenologic quadrant method. Since the human anatomy has a complex
three-dimensional structure, further anatomic research using three-dimensional imaging analysis and its clinical application by

navigation system or other technologies is warranted for the improvement of the ACL reconstruction.

1. Introduction

Recent progress of the anterior cruciate ligament (ACL)
reconstruction procedure and related research largely stems
from the increased attention to the restoration of the original
anatomy. An accurate evaluation of the native anatomy is
critical for achieving anatomic ACL reconstruction. Clinical
outcome could be imperfect when the graft placement is not
located at an anatomic position [1, 2]. Also, conventional
transtibial ACL reconstruction, which often locates the
graft away from anatomic location [3], leads to abnormal
biomechanical behavior and in vivo knee kinematics [4—
6], which could influence long-term knee joint health [7,
8]. On the other hand, the anatomical ACL reconstruction
procedure, either single-bundle or double-bundle technique,
could provide better knee kinematics than nonanatomic
reconstruction [9-11] and promising clinical results [12—
20]. Appropriate anatomic evaluation of the native ACL for
each individual patient can provide critical information for
planning ACL reconstruction in an anatomic fashion, while
postoperative evaluation of the reconstructed ACL graft loca-
tion could predict the prognosis after the surgery and give
valuable feedback to surgeons. In theory, a conventional two-

dimensional assessment cannot fully recognize the three-
dimensional structure of the original anatomy. Therefore,
three-dimensional imaging analysis of the knee has been
progressively developed over the last few years [21, 22].

The purpose of this paper is to introduce the progression
of imaging technology into three-dimensional analysis on
various fields of research related to the ACL and to suggest
the future direction of ACL-related anatomic studies.

2. Progression of the Imaging
Technology for the ACL Anatomy

2.1. Image Analysis for the ACL Insertion Site. Anatomic
research investigating the native ACL location has been
developed over the last several decades. In 1975, Girgis
et al. [23] investigated the cruciate ligaments in cadaveric
knees focusing on their function and first recognized the
different functional bundles of the ACL, the anteromedial
(AM) and posterolateral (PL) bundles [23]. The relative
positions between the two bundles were identified, while the
exact locations were not determined due to lack of baseline
anatomic landmarks and scales. In the 1980s, relative
distances from the anatomic landmarks, such as the anterior



edge of the intercondylar notch, lateral condyle surface, and
cartilage margin, on a hypothetical sagittal plane which was
usually set on the lateral wall of the intercondylar notch were
often used for describing the anatomical location. One of
the examples of the two-dimensional anatomic description
on the lateral wall of the intercondylar notch is the isometric
mapping introduced by Sidles et al.,, which showed the
relationship between the anatomical ACL graft location on
a hypothetical plane and the length change of the graft [24].
They revealed that the original ACL insertion site is different
from the isometric point where the graft does not change
length during flexion-extension movement, whereas some
cadaveric experiments at that time demonstrated that the
anatomical location of the original ACL could produce the
isometric length change pattern of the ACL graft [25, 26].
This disparity of the results could be caused by lack of
common anatomic definition. In the 1990s, two-dimensional
anatomical scales, such as the “clock-face” reference and
quadrant method, were developed as a fixed and universal
scaling method to describe the anatomical location of the
ACL insertion site and graft placement. The “clock-face”
reference has been utilized for referring the coronal position
of the ACL insertion site and graft placement [27-29].
This reference system is able to be adopted for arthroscopic
images [30]. However, a recent study shows that the intero-
bserver variability is still high using the clock-face reference
[31]. Interestingly, Siebold et al. demonstrated that the
AM and PL were aligned at the same level on the “clock-
face” reference, at 1:30 o’clock, when the knee flexed at
102 degrees [32]. It reversely implied that the anatomical
location indicated by the clock-face reference can be easily
modified by changing knee flexion angle. This critical flaw
of the “clock-face” reference has been frequently pointed out
[33, 34]. In the meantime, the quadrant method, originally
described by Bernard et al. [35], is the most commonly used
reference for the location of the ACL on the lateral X-ray
of the distal femur [36-38]. However, this system depends
crucially on an unstable baseline, Blumensaat’s line, which
is a projected line of the intercondylar roof on the lateral
X-ray of the distal femur. Farrow et al. [39] demonstrated by
cadaver experiment that the posterior edge of Blumensaat’s
line cannot be consistently recognized [39]. Also, Berg et al.
[40] reported the large variability in the angle measurement
of Blumensaat’s line against the femoral shaft [40]. In addi-
tion, the anatomical location indicated by this system cannot
be reproduced under arthroscopy. Also, the true lateral view
of the distal femur is also extremely difficult to achieve by
intraoperative fluoroscopy. Therefore, clinical value of this
technique is assumed to be limited.

As anatomic double bundle ACL reconstruction was int-
roduced in the 2000s, meticulous investigations of bony
landmarks were conducted to identify useful landmarks
which are available under arthroscopy and can be used for
precise graft placements. Three-dimensional (3D) CT images
contributed to this decade’s progress of anatomic research.
Purnell et al. [41] demonstrated that the lateral intercondylar
ridge, formally known as “resident’s ridge” [42], was clearly
shown by the 3D CT image and can be defined as the anterior
edge of the ACL original insertion site [41]. Furthermore,
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Ferretti et al. [43] observed the bifurcate ridge on the lower
third of the lateral wall which separates the AM and PL
bundles [43], which can also be recognized by 3D CT image
[44]. Although these tiny bony ridges are not always visible
under arthroscopy [45], these osseous landmarks provides
useful information for identifying the original ACL insertion
site and performing the ACL reconstruction in an anatomic
fashion [44]. Further advantage of the three-dimensional CT
is the ability to arrange the rotation of the 3D image in a
standardized orientation, providing consistent mapping of
the ACL tunnel location [21]. This technique can be used
for accurate and repeatable analysis of the ACL graft tunnel
locations after reconstruction [3].

The progress of CT imaging technique from two- to
three-dimensional has contributed significantly to the ana-
tomic research of the ACL. Similar progress is still warranted
for MRI because of its capacity to evaluate soft-tissue
structures.

2.2. Imaging Analysis for Intercondylar Notch Geometry.
Femoral intercondylar notch width has been often discussed
as a risk factor for the ACL injury, but it remains unknown
if the narrow notch truly leads to ACL injury. Several
studies evaluating intercondylar notch width by X-ray or
CT reported narrow notch as a risk factor for the ACL
injury [46-52]. Houseworth et al. [47] measured notch
width using notch view, which is an AP view of the knee
joint with 45 degrees of knee flexion, and demonstrated
a correlation between femoral intercondylar notch stenosis
and anterior cruciate ligament injuries [50]. However, other
research cast doubt on the impact of the intercondylar notch
stenosis [53, 54]. Schickendantz and Weiker [53] prospec-
tively measured the notch width in professional basketball
players, and their follow-up survey did not find significant
difference of the notch width between ACL injured and
noninjured players [53]. Those ambivalent results might
be caused by the two-dimensional measurement of the
intercondylar notch width. Van Eck et al. [55] compared
two-dimensional and three-dimensional measurement of
intercondylar notch geometry and demonstrated that there
were only moderate correlations between those two mea-
surement [55]. Since X-ray measurement is largely influ-
enced by rotation and angulations [52], three-dimensional
measurement is preferable to assess the intercondylar notch
geometry.

2.3. Application to Navigation System for the ACL Reconstruc-
tion. The development of 3D imaging techniques and
increased attention to the anatomic procedure are accompa-
nied with the advanced technology of computers and robots,
leading to strong motivation for computer-assisted surgery
which could provide real-time imaging feedback with the
individualized anatomic information to the surgeons during
ACL reconstruction.

In the early 1980s, computer-assisted ACL reconstruction
was first attempted by the technique using stereotaxic frame
of CT scan for brain surgery [56]. However, it was not
commercialized due to excessive cost, invasiveness, and espe-
cially prolonged operation time due to computer processing.
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An imageless navigation system was introduced in the
mid-1990s [57], while anatomic placement drew increased
attention because of higher revision rate as much as 10%
to 40% due to inaccurate tunnel placement [58]. However,
navigation-assisted ACL reconstruction was not accepted
even though it had inherent accuracy mainly due to the
invasiveness by fixing the tracker or exposing radiation and
poor cost effectiveness [59]. Meanwhile, experimental use
of the navigation system has flourished as an experimental
tool. According to Zaffagnini et al., published research
using navigation systems could be divided in two groups:
anatomical studies (ligament insertion, tunnel position,
graft isometry, and impingement) and kinematic studies
(Lachman test, anterior drawer test, internal rotation and
external rotation, and pivot shift test) [59]. Anatomic studies
focused on the evaluation of graft length change and graft
impingement against the intercondylar notch roof after ACL
reconstruction [57] and the validation of the system accuracy
[60], whereas knee kinematics evaluation by navigation
system was largely performed to compare various operation
techniques [61-64].

Navigation systems can be divided into image-guided
[65] and imageless systems [56]. In an image-guided system,
preoperative images from fluoroscopy, CT, or MRI are inpu-
tted and utilized to provide real-time feedback of anatomic
information under arthroscopy. In imageless system, which
is more common, positional information of anatomical land-
marks and joint kinematics is intraoperatively registered for
providing anatomic feedback. Nakagawa et al. [65] converted
intraoperative 2D fluoroscopic picture into 3D image for
preventing blow-out fractures while drilling the femoral
tunnel [65]. However, their 2D-3D matching technique did
not identify either lateral intercondylar ridge or bifurcate
ridge [65].

Navigation systems can provide real-time quantitative
feedback during arthroscopic procedure and minimize tech-
nical error with enhanced reproducibility and reliability [56,
66]. However, these systems must be improved before wider
acceptance of the navigation system, such as invasiveness,
cost effectiveness, and complexity of the navigation pro-
cessing. Moreover, clear and reproducible definition of ideal
tunnel position based on concrete anatomic baseline should
be established to restore normal joint kinematics after ACL
reconstruction.

3. Conclusion

Research on the anatomy of to the ACL has progressed
along with the advancement of imaging and navigation
technology. Useful bony landmarks for placing the ACL
graft at the ideal position can be identified by 3D imaging
technique. Also, 3D-CT analysis for the location of the native
and reconstructed ACL provides better and more consistent
evaluation than conventional “clock-face” reference and
roentgenologic quadrant method. Three-dimensional image
analysis of the ACL anatomy and its application to the
navigation system is becoming more prevalent and reliable
for advancing the anatomic studies related to the native ACL
and the ACL reconstruction procedure.
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Shape analysis is useful for a wide variety of disciplines and has many applications. There are many approaches to shape analysis,
one of which focuses on the analysis of shapes that are represented by the coordinates of predefined landmarks on the object. This
paper discusses Tridimensional Regression, a technique that can be used for mapping images and shapes that are represented by
sets of three-dimensional landmark coordinates, for comparing and mapping 3D anatomical structures. The degree of similarity
between shapes can be quantified using the tridimensional coefficient of determination (R?). An experiment was conducted to
evaluate the effectiveness of this technique to correctly match the image of a face with another image of the same face. These results
were compared to the R? values obtained when only two dimensions are used and show that using three dimensions increases the

ability to correctly match and discriminate between faces.

1. Introduction

Tobler [1] proposed bidimensional regression as a tool for
computing the degree of similarity between two planar
configurations of points and to estimate mapping relations
between two objects that are represented by a set of
two-dimensional landmarks. Bidimensional regression is an
extension of linear regression where both dependent and
independent variables are represented by coordinate pairs,
instead of scalar values. Specifically, Tobler [1] suggested that
bidimensional regression may be useful for comparing signa-
tures, geographical maps, or faces. The latter was done in the
context of face recognition by Shi et al. [2] and Kare et al. [3].

Tobler’s [1] method has been extended to Tridimen-
sional Regression for situations when both dependent and
independent variables are represented by three-dimensional
coordinates [4]. The purpose of this paper is to provide a
summary of that extension, to illustrate the use of tridimen-
sional regression for comparing and mapping anatomical
structures, and to compare the effectiveness of the two-
dimensional and three-dimensional methods. Widespread

use of three-dimensional imaging devices in many areas
of research makes this research timely. This technique is
broadly applicable to any situation where spatial configu-
rations of three-dimensional points are compared. Specific
instances where tridimensional regression may be of use are
three-dimensional mapping and comparison of objects or
structures that are represented by their three-dimensional
coordinates. The R? values derived from regression allow the
degree of similarity between two objects to be quantified.

2. Methods

In this section, a brief summary of bidimensional regression
and its extension to three dimensions is provided. Details of
the tridimensional regression models are provided.

2.1. Bidimensional Regression. Nakaya [5] defines a bidimen-
sional regression model as

() = (8 +(2)



where (u;, v;) is the dependent variable, (x;, y;) represent the
corresponding coordinates of the independent variable, g
and h are transformation functions used to estimate mapping
relations between independent and dependent variables, and
(&, 7i) is an error vector that is assumed to be normally and
independently distributed. Both Tobler [1] and Nakaya [5]
discuss obtaining estimates for parameters in ¢ and h using
the method of least-squares so that

i_il[(ui—§(xi,yi))2+ (vi—ﬁ(xi,yi))z], (2)

where ¢ and h are the transformation functions evaluated
at the parameter estimates, is minimized. Here » is the
number of landmark points used in the analysis. The normal
equations are obtained in the usual manner [1], and by

solving ,Bj in
IS T
X; Xjﬁj =X;Y, (3)

where X; is the design matrix of transformation j and

Y = [u V] ' is a (2n x 1) vector for the dependent variable
partitioned by the coordinates, will yield the least-squares
parameter estimates [6]. The design matrix (X;) will depend
on the transformation used and the number of parameters to
estimate; hence, the dimension of [Ai ; will also be determined
by the type of transformation.

Tobler [1] proposes four bidimensional regression mod-
els, three of which are intrinsically linear and one is curvi-
linear. Friedman and Kohler [7] argue that the curvilinear
model may be too general for practical use and describe the
linear transformations in more detail. Each of the other three
transformations is linearized by reparameterization prior to
solving the parameter estimates.

The three linear transformations yield the Euclidean, af-
fine, and projective models where in each model the original
coordinates are scaled, rotated, and translated. These trans-
formations form a hierarchy with the Euclidean being the
simplest (fewest parameters) and the projective the most com-
plex (most parameters) of the models.

Details of bidimensional regression models can be found
in [1, 5, 7, 8]. Briefly, the Euclidean model is a similarity
transformation in that the overall shape remains unchanged.
The coordinates are translated, rotated, and isotropically
scaled [8], thus preserving the original shape and angles. The
affine model allows for X and Y coordinates to be scaled
independently, and the configuration could exhibit shear (y)
(e.g., a square may become a parallelogram; Figure 1). The
projective transformation, which is the most complex, allows
the size, shape, and orientation to change as a function of
viewpoint [7]. An example of a projective transformation is
shown in Figure 2.

In the Euclidean and affine transformations, the models
are linearized by reparameterization, and then the normal
equations can be derived in the usual manner. Once the
parameters have been estimated [7], provide equations for
calculating the scale and rotation values for the Euclidean
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Ficure 1: Example of a bidimensional affine transformation.

transformation and the scale, shear, and rotation values for
the affine transformation.

The equations for the projective transformation can be
rewritten using homogeneous coordinates and put in matrix
notation as shown in (16). Homogeneous coordinates can be
used with any of the models to provide a uniform framework
for all transformations. For rotation, scaling, and shear, the
transformed coordinates can be expressed as the product of
a transformation matrix and the original coordinates. For
translation, however, the coordinates are derived by addition
of the translation vector to the original coordinates. Use
of homogeneous coordinates makes all the transformations
multiplicative. This is accomplished by adding an additional
coordinate (¢), called the homogeneous coordinate.

The homogeneous coordinate is added purely for math-
ematical simplification and has no effect on the transfor-
mation of coordinates. For example, it is convenient to
represent a sequence of transformations as the product of
the corresponding transformation matrices. Thus, in the
Euclidean and affine models, the translation parameters
become multiplicative and one matrix could be used for all
of the transformation parameters [10]. With the projective
model, the conversion is used to linearize the model, and
once the object is mapped using homogeneous coordinates,
the original coordinates are restored by dividing by the
homogeneous coordinate, . However, when this is done,
the restriction placed on ¢ results in parameter estimates of
ﬁ_:,] =0, [%2 =0, and 333 = 1. Consequently, the projective
transformation is reduced to the affine transformation and
the results are identical. The conversion to homogeneous
coordinates is adequate for determining the location of
transformed points, but not for obtaining transformation
parameter estimates. If left in terms of the original equations,
the parameters of the projective transformation can be
estimated using nonlinear regression. When extended to
three dimensions, a similar approach is used.

The similarity of the two objects is assessed using the
bidimensional correlation coefficient [1],

Rom = |1 Zi{(”i_ai)2+(vi_ai)2} 4
SR K TP R

2.2. Tridimensional Regression. The bidimensional regres-
sion models proposed by Tobler [1] can be extended to
instances where three-dimensional data are used for com-
parison. A specific instance may include anatomical struc-
tures that are represented by three-dimensional landmark
coordinates, but tridimensional regression can be useful for
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F1Gure 2: Example of a bidimensional projective transformation (ABCD — FGHE) [9].

FIGURE 3: Example of a tridimensional affine transformation [12].
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F1GURE 4: Landmarks used for evaluating tridimensional regression.

determining the degree of similarity between any two objects
that are represented by three-dimensional coordinates.

In this paper, the linear transformations discussed by
Tobler [1] will be extended to three dimensions. Extensions
to the Euclidean, affine, and projective transformations are
described in detail where the dependent and independent
variables are represented by their three-dimensional coordi-
nates,

Ui Xi
vi | Yi |, respectively. (5)
Wi Zi

2.2.1. Euclidean Transformation. The three-dimensional Eu-
clidean transformation is similar to the two-dimensional
case in that coordinates are simply translated, rotated, and
isotropically scaled. The overall shape and the angles of the
original object are preserved, and parallel lines in the original
object are mapped to parallel lines in the transformed space.
There is an additional translation parameter, and the rotation
matrix differs depending on which axis(es) are used for the
rotation. In general, the number of rotation parameters is

k(k — 1)/2, where k is the number of dimensions. There-
fore, there are three rotation parameters for the general
three-dimensional Fuclidean transformation. However, for
instances when it is known that all three rotations are not
necessary, the transformation can be reduced to one or two
rotations. These special cases are discussed in detail in [4].

Three-Dimensional Euclidean Transformation with One Angle
of Rotation. The format of the rotation matrix depends
on the axis of rotation. The formats for each of the three
rotations are shown below, where y is the angle of rotation
about the x-axis, 0 is the angle of rotation about the y-axis,
and ¢ is the angle of rotation about the z-axis:

(1 0 0
0 cosy —siny |,

[0 siny cosy |

[ cosf 0 sinf]
Ry = 0 1 0 |, (6)

—sinf 0 cos 6_

[cos¢ —sing 0]
Rz = |sin¢g cos¢ Of.
0 0 1

The general form of the three-dimensional Euclidean
transformation is

Ui 441 Xi
vi|=|ax| +sR|yi|, (7)
Wi o3 Zi

where R is one of the rotation matrices.

As in the two-dimensional case, the transformation
can be linearized by reparameterization, where the new
transformation matrix (R’) is a combination of the scale and
rotation parameters. The reparameterized transformations
and their normal equations follow.



For rotation about the x-axis, N 0 0 0 0 o]
0 N 0 Z Vi - Z Zi o
10 0 0 0 N Dz D i as

and deriving the normal equations in the usual manner

yields
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FiGure 5: Within and between person R? for bidimensional (I) and tridimensional (r) Euclidean transformation.
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Figure 6: Within and between person R? for bidimensional (/) and tridimensional (r) affine transformation.
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Figure 7: Within and between person R? for bidimensional (I) and tridimensional (r) projective transformation.
Similar details for rotation about the y and z axes can be For rotation about x and y axes,
found in [4].
Three—Dzmenszo}nal Euclidean Transformation Wfth Multlple U ” cosd 0 sin@ xi
Angles of Rotation. When more than one rotation is used,
the reparameterization to linearize the model is not obvious; vi|=|ax|+s| sinysin® cosy —sinycosf ||y
therefore, the rotation matrlFes remain in tt?rms of the w; @ —cosysin® siny cosycosf Z
rotation parameters and nonlinear regression is used. The (10)

advantage of using nonlinear regression is that the rotation
and scale parameters are directly estimated instead of being
solved in terms of f3;; the disadvantage in using nonlinear
regression is convergence may not be reached and starting
values must be specified. The similarity of the two objects
is assessed using the Pseudo- R? as defined by [11]. The
Pseudo-R? is calculated in the same manner as R2, but, in
general, is not guaranteed to be greater than zero. Again, the
rotation matrix differs depending upon the axes of rotation.
An example of a two-rotation Euclidean transformation is
shown below.

U o cos 8 cos ¢
vi|=|a|+s| sinysinfcos¢+ cosysin¢
w; a3 —cosysinfcos ¢ +sinysin¢

2.2.2. Affine Transformation. The extension of the affine
transformation from two dimensions into three dimen-
sions includes additional parameters for translation, scaling,
rotation, and shear. Figure 3 shows an example of a
three-dimensional affine transformation. The transformed
coordinates in affine transformations are given by

ui =+ [31196;' + [312)/1‘ + /31321‘)

—sinysinfsin¢g +cosycos¢ —sinycos0 || yi|.

In the general form of the three-dimensional Euclidean
transformation, the order in which the transformations are
applied will result in different parameter estimates. Permut-
ing this order will result in different estimates of the rotation
parameters, but the measure of similarity will remain the
same regardless of the order of transformations. The fol-
lowing system of equations shows the rotations in the order
of x-axis, y-axis, and then z-axis:

—cosfsin¢ sin 6 X

(11)
cos y sin 0 sin ¢ + sin y cos ¢

cos y cos 0 Zi

vi = ar + Paxi + Py + P23zis

wi = a3 + B31xi + B2y + B33zis

Ui o ﬁn /312 ﬂls Xi
Vil =10 |+ ﬁ21 /322 /323 Yi
Wi o3 /331 /332 /333 Zi

(12)



Deriving the normal equations in the usual manner yields
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(13)

where I3 is a 3 X 3 identity matrix and ® is the direct product
of the two matrices.

2.2.3. Projective Transformation. The extension of the projec-
tive transformation from two to three dimensions involves
the conversion to homogeneous coordinates (16). Additional
parameters are added corresponding to the coordinate of
the third dimension. In a projective transformation, the
size, shape, and orientation can all change as a function
of viewpoint. While this is a nonlinear transformation, by
using homogeneous coordinates, the model can be linearized
in order to obtain the normal equations and estimate
the parameters. The equations to obtain the transformed
coordinates are

w = Buixi + Prayi + Pi3zi + Pia
' Barxi + Bazyi + Pazzi + Paa ’

_ Borxi + Paayi + PBaszi + Poa
Barxi + Paryi + Pazzi + Paa ’

i
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Vit B P Pz Paz Paa || yi
wit - ﬁal ,332 ﬁ33 /334 Zi .
t Bar Paz Paz Paa || ]

(14)
Let
u; = ujt,
Vi = vit, (15)
wi = wit,
then
u: ﬁll ﬁlz ﬁls ﬁ14 Xi
v ﬁzl /322 ﬁzs 24 | | Vi
= Pt 1], (16)

w; Bs1 B3 Paz Paa|]| zi
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and deriving the normal equations in the usual manner
yields
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where I is a 4 X 4 identity matrix and ® is the direct product
of the two matrices.

As described in [4], this linearization results in parameter
estimates that reduce the transformation to affine. The lin-
earization is adequate to determine the transformed points,
but not for the optimization to determine the transformation
parameters or for measuring the degree of similarity between
the two objects. Therefore, the transformation is left in terms
of the original equations and nonlinear regression is used to
obtain parameter estimates.

Nonlinear regression is an extension of linear regression
where the expected responses are nonlinear functions of
the parameters [13]. Finding least-squares estimates for
linear models is straightforward as they have a closed-form
solution. For nonlinear models, the least-squares estimates
must be found using an iterative procedure. In this paper, the
Gauss-Newton algorithm is used. This iterative procedure
utilizes a Taylor series expansion to find the least-squares
estimates [13].

For all transformations, parameter estimates can be
found in the usual manner, ,lAi ;= (XJ-TXj)lejTY, and sub-
sequently used to solve for rotation, scale, and sheer param-
eters. The similarity of the two objects can be assessed using
the tridimensional correlation coefficient, Rsp, given by

Xi{(ui - ai)z + (v — 171')2 + (wi — 1f/i)z}‘
S =) + (v = + (wi = W)}
(18)

Rip= |1-

which is an extension to the bidimensional correlation coef-
ficient [1].

3. Results and Discussion

An experiment was conducted to evaluate the effectiveness
of tridimensional regression and its improvement over
bidimensional regression. Three-dimensional landmark data
obtained from human faces were used for this purpose. The
landmarks were obtained by placing reflective markers on the
faces of subjects and tracking the coordinates as the subjects
moved through a series of poses using automated software.
The landmarks were adapted from [14]. They are shown in
Figure 4 and described in Table 1.

The landmarks were obtained for three subjects at two
different sittings and five poses per sitting. The objective was
to compare R? values within a subject to the R? values be-
tween subjects using both tridimensional regression and bid-
imensional regression. One would expect the degree of sim-
ilarity to be higher, thus a higher R? value, for two samples
from the same person than for samples from two different
people. All pairwise R? values were calculated for bidimen-
sional and tridimensional regressions. Poses of the same indi-
vidual within a sitting were not compared since the markers
were not removed between poses and using these poses
would result in inflated R? values.

For each transformation, both in two and three dimen-
sions, the distributions of R? values for within and between
subjects were obtained by fitting a theoretical distribution

TaBLE 1: Description of landmarks used for evaluation (adapted
from [14]).

tr The point on the hairline in the midline of the forehead.
The most lateral point on the mandibular angle close to

80 the bony gonion.
The lowest median landmark on the lower border of the

&n mandible.

en The point at the inner commissure of the eye fissure.

ex The point at the outer commissure of the eye fissure.

. The highest point on the upper boarder in the midportion
of each eyebrow.

" The midpoint of both the nasal root and the nasofrontal

structure.

prn  The most protrudent point of the apex nasi.

ac The most lateral point in the curved baseline of each ala.
Is The midpoint of the upper vermillion line.

li The midpoint of the lower vermillion line.

ch The point located at each labial commissure.

sa The highest point of the free margin of the auricle.
sba  The lowest point of the free margin of the ear lobe.
pa The most posterior point on the free margin of the ear.

The most protrudent point of the muscle when the jaw is
clenched.

over the histograms of observed values. Overlaying these
theoretical distributions allowed for the estimation of a
threshold value (7) as a cutoff for determining if two images
were from the same subject. R? values greater than 7 lead
to the decision that the two images are of the same subject
(match) while R? values less than 7 indicate that the images
are of two different subjects (nonmatch). The threshold
value was determined to be where the two distributions
cross, as to simultaneously minimize the false-positive and
false-negative error rates. A false positive is when images
of two different subjects are incorrectly determined to be
from the same subject (an R’ value greater than 7 for
different subjects); a false-negative occurs when two images
from the same subject are incorrectly determined to be
from different subjects (an R? value less than 7 for the
same subject). In addition to calculating the observed error
rates, the expected error rates were found by evaluating
the cumulative distribution functions of the R? values at 7.
Table 2 summarizes the observed and expected error rates,
and Figures 5, 6, and 7 show the within-subject (dotted
line) and between subject (solid line) distributions for each
transformation.

Table 2 shows that both the observed and expected
error rates for tridimensional regression are much smaller
than those for bidimensional regression using any of the
three transformations. Bidimensional regression resulted in
both error rates being very high, false-positives often over
fifty percent. Tridimensional regression shows a substantial
decrease in both false-positive and false-negative error rates
which indicates that the three-dimensional method is better
at correctly matching a subject to him or herself.
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TABLE 2: Error rates for each transformation.
Bidimensional regression Tridimensional regression
False positive False negative False positive False negative
. Observed 59.7% 36.0% 19.3% 12.0%
Euclidean
Expected 51.9% 33.6% 16.7% 9.0%
Observed 57.5% 38.7% 17.0% 3.3%
Affine
Expected 49.0% 37.2% 14.9% 7.5%
Lo Observed 56.8% 35.3% 23.5% 7.3%
Projective
Expected 51.2% 34.5% 18.4% 16.2%

In this application, the Euclidean and affine transfor-
mations were comparable to one another with the affine
performing slightly better. The projective transformation
had the largest observed false-positive rate. This result is not
surprising as the flexibility of the projective transformation
allows it to map objects into many other shapes. This flexi-
bility results in the ability to match even two very dissimilar
objects quite well with certain transformation parameters.
Consequently, the R? values are very high for all matches.
This shifts the between-person distribution closer to the
within person-distribution which results in a larger false-
positive error rate.

Additionally, a sixth pose was taken on each of the
subjects in each setting. This pose was not used to build the
within- and between-subject distributions, or to determine
the threshold. These six sets of points (two for each subject)
were compared to all other poses not taken in the same set-
ting of the same subject (30 comparisons per pose, 6 possible
correct matches). The highest R? for all six was a correct
match. In addition, a minimum of the top 4 matches were
correct matches, illustrating that tridimensional regression
can be very good at identifying correct matches and discrim-
inating between different objects.

4. Conclusion

Bidimensional regression [1] is a useful tool for comparing
two geometric configurations that are each represented by a
set of coordinate pairs. The scale, rotation, and translation
relating the two configurations can be estimated by first
estimating the parameters of the transformation model. As
an application of the technique, [2, 3] used bidimensional
regression analysis for relating faces in landmark-based face
recognition.

In this paper, the bidimensional technique has been
extended to three dimensions. Such an extension may prove
useful in the analysis of three-dimensional landmark data.
The underlying foundations for tridimensional regression
have been developed with different transformations: Euclid-
ean, affine, and projective. Its use is demonstrated through
an application to compare human faces using three-dimen-
sional landmarks. Results show that tridimensional regres-
sion improves the ability to correctly match objects that
are represented by landmark data. Both the Euclidean and
affine transformations work well to reduce the error rates.
The projective transformation also shows improved error

rates, but its flexibility may make it too general for some
practical applications. Choice of transformation should be
given careful consideration given the goals of the application.
While there is improvement over Bidimensional regression,
the observed and expected error rates are likely higher in this
experiment due to the small number of subjects involved and
comparing several poses of the same subject. A larger-scale
study is needed to better estimate the expected error rates.

This work can be extended in several different directions.
The focus here was in developing the theory of tridimen-
sional regression and conducting an initial investigation for
shape matching with a feasibility experiment. An investiga-
tion with a larger amount of three-dimensional landmark
data is needed to more fully understand its effectiveness. In
addition to a larger-scale study; it is also of interest to develop
weighted tridimensional regression techniques which would
allow some landmarks to be weighted more or less heavily
than others. Weighting landmarks allows for less weight
to be placed on landmarks that are highly variable. Some
landmarks could be more variable because they are less
reliably extracted or simply due to more natural variability.
Weighting has been shown to improve the matching ability in
bidimensional regression [15], specifically in a face matching
application [16], and is expected to improve the matching
ability and precision in mapping for tridimensional regres-
sion as well.
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