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10.1 Introduction

Radiographic imaging is key in all phases of den-
tal implant therapy, i.e., diagnosis, planning and
assessment of treatment, and long-term monitor-
ing, both in terms of clinical practice and in
implant research. Traditionally two-dimensional
(2-D) imaging has been the standard in clinical
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practice and research; however, recent techno-
logical advances and increased access to new
technologies have made three-dimensional (3-D)
imaging quite common in both clinical practice
and research (e.g., cone-beam computed tomog-
raphy; CBCT). Considering potential health risks
due to radiation exposure, it is important to
understand the possibilities and the limitations of
the various radiographic techniques and technol-
ogies to assess the recipient bone for implant
planning and the bone-to-implant interface and
peri-implant bone level after installation.

10.2 Periapical Radiographs

Periapical radiographs can be used for treatment
planning in straightforward cases, but they are
most commonly used for assessing the marginal
peri-implant bone levels at follow-up. Evaluation
of the marginal peri-implant bone level, i.e., the
distance from the most coronal bone crest to a
specific implant landmark—commonly the mar-
gin of the implant collar—is relevant in implant
research when assessing the effect of various
implant macro-designs and surface technologies
on the physiological bone remodeling occurring
after implant installation and loading, or when
assessing various surgical techniques, as the goal
is to have the entire implant body within the
bone. Further, monitoring the marginal peri-
implant bone level and assessing possible
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changes (i.e., bone loss) between different time
points is essential, as stability of the marginal
peri-implant bone level is considered the most
reliable sign of peri-implant health [1]. In this
context, various cut-off values of bone level have
been suggested and employed among studies and
classification systems to discriminate between a
healthy implant and an implant with peri-
implantitis [2, 3]. Nevertheless, it is accepted that
there is some variation in crestal bone level dis-
tances that is compatible with peri-implant
health. This variation depends, among other fac-
tors, on the implant system, i.e., different implant
systems experience a different amount of crestal
bone loss due to initial bone remodeling after
implant installation and/or loading. It is thus
obvious, that dimensional accuracy of the
depicted/registered anatomical structures around
implants is very important.

10.2.1 Distortion

Periapical radiographs of good quality provide
high spatial and contrast resolution and thus
sharp images but may show some degree of
image magnification depending on the relative
focal spot-to-film and object-to-film distance [4].
In general, an average magnification of 5% is
usually accepted for periapical radiographs
recorded with the paralleling technique [5], irre-
spective of the site within the mouth. Nevertheless,
studies comparing measurements/distances of
structures recorded in periapical radiographs
with direct measurements showed that the range
of differences may be quite large. For example,
Sonick et al. [6] compared the localization of the
mandibular canal with the clinically measured
distances and those made in periapical images
obtained by a long-cone paralleling technique,
with a film holder attached to the tube of the
X-ray unit; the difference in absolute values
between clinical and radiographical measure-
ments was only 1.9 mm on average, however, a
range of 0.5 to 5.5 mm was observed, which in
turn translated into a magnification ranging from
8% 10 24% (14% on average). Similarly, Schropp

et al. [7] observed an average magnification of
6% when evaluating the distortion of metal cali-
bration balls recorded in periapical radiographs,
however, the range was from 1% to 12%.
Although the dimensional distortion in periapical
radiographs may not constitute a major problem
in everyday clinical work, estimation of the true
magnification is necessary for studies on the
prevalence of peri-implant biological complica-
tions and differential diagnosis (i.e., mucositis
and peri-implantitis), and/or for early detection
of peri-implantitis to allow timely therapeutic
interventions. Indeed, studies assessing the prev-
alence and/or incidence of peri-implantitis
require not only the presence of clinical signs of
disease but also the presence of bone loss beyond
the crestal bone level changes resulting from ini-
tial bone remodeling, taking also a measurement
error in periapical radiographs of 0.5 mm, on
average, into account [8]. In this context, estima-
tion of the true magnification in periapical radio-
graphs appears imperative for research purposes.

Several methods have been suggested for cali-
bration purposes of periapical images, for exam-
ple, the use of cylindrical metal markers [9] or of
a metal ball with a standardized diameter [7]
(Fig. 10.1). Autoclavable cylinder metal markers,
used often as indicators for implant angulation
during treatment planning, can also be used for
calibration purposes. However, despite the fact
that no information on the implant angulation can
be obtained by means of a metal ball, this method
offers the advantage that projection geometry
does not influence the radiographic image due to
the symmetrical shape of the ball, and thus, is to
be preferred. In context, in periapical images
depicting implants, it is most often not necessary
to include a reference marker, since the implant
itself can be used for calibration purposes, pro-
vided that information on implant dimensions is
retrievable or the distance between the peaks of
the implant threads is known. Obviously, using
the peaks of the implant threads for calibration
purposes requires that radiographs show an opti-
mal projection geometry in the vertical plane,
i.e., the image displays sharp threads with no
overlaps on both sides of the implant.
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Fig. 10.1 A metal ball (5 mm diameter) can be used for calibration purposes in periapical radiographs, during treat-
ment planning where no implant is included (a), but also when an implant of unknown dimensions is registered (b)

Nevertheless, in cases where pre-surgical radio-
graphs (i.e., without an implant) are included in
the analysis, a metal ball or other reference
marker should be used.

10.2.2 Projection Geometry

Proper projection geometry in the vertical plane,
so that the implant displays sharp threads with no
overlaps on both sides, is important not only for
calibration purposes but also to facilitate proper
assessment of the marginal peri-implant bone
level at follow-ups. For example, in a radiograph
taken with the radiation beam being not perpen-
dicular to the long axis of the implant, the threads
of a screw-type implant appear blurred on either
side of the implant; this may not allow for prop-
erly define the most coronal bone-to-implant
contact (BIC). On the other hand, with an optimal
projection angle in the vertical plane, i.e., the

film/digital receptor is positioned parallel to the
implant axis, and the radiation beam is directed
perpendicular to this axis, the implant image dis-
plays sharp threads with no overlaps on either
side allowing proper evaluation and recording of
the peri-implant bone levels (Fig. 10.2).

Proper projection geometry in periapical
radiographs is also crucial for controlling for
possible risk factors for technical or biological
complications, e.g., the misfit between implant
and/or prosthetic components, component frac-
ture, or cement remnants (Fig. 10.3). Obtaining
implant images with optimal projection geometry
may be challenging due to the fact that implants
are often not inserted with an inclination corre-
sponding to that of the alveolar process or neigh-
boring teeth. This might especially be the case in
fully edentulous patients, but also in single tooth
gaps in agenesis sites where variable amounts of
alveolar bone may be missing. Thus, correct
alignment of the radiation beam is often difficult
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Fig. 10.2 The left implant image presents with threads
blurred on either side, which makes it difficult or impos-
sible to properly define the most coronal radiographic
BIC. In contrast, the right implant presents with sharp
threads and no overlaps on either side of the implant, mak-
ing identification of the most coronal radiographic BIC
easy. Due to differences in the implant inclination within
the jaw, the radiation beam was not perpendicular to the
long axis of the implant and the sensor for the left implant,
but it was for the right one

to predict when the implant is still submerged or
before the prosthetic restoration has been
mounted; but even in cases including the pros-
thetic restoration, correct determination of the
implant axis by clinical examination might be
impaired as the abutment and restoration may be
angulated.

Depending on the direction of the radiation
beam, i.e., the beam has either an obtuse or an
acute angle in relation to the long axis of the
implant, the implant threads of a screw-type
implant appear on the radiograph mostly blurred
on the left or right side, respectively [10]; this is
irrespective of whether the implant is placed in
the upper or lower jaw. In the case of radiographs

with blurred implant threads, the “RB-RB/
LB-LB” mnemonic rule, suggested by Schropp
et al. [11], can be applied in order to correct the
inclination of the X-ray tube and obtain a second
image with sharp implant threads. RB/RB means,
“if Right Blur, then Raise Beam” (Fig. 10.4), i.e.,
if the threads are mostly blurred at the right side
of the implant image, the X-ray beam direction
must be raised towards the ceiling to obtain
sharper threads on both sides. Accordingly, LB/
LB means, “if Left Blur, then Lower Beam,” i.e.,
if the implant threads are mostly blurred at the
left side of the implant image, the X-ray beam
direction must be lowered towards the floor to
obtain sharper threads on both sides.

The degree of beam correction needed can be
roughly estimated by the degree of implant thread
overlapping; i.e., if the threads on one side of the
implant image are still rather clearly discernible,
a correction of the radiation beam of up to about
10° is needed, while if the threads in both sides of
the implant image are poorly discernible, a cor-
rection of the radiation beam of about 20° is
needed (Fig. 10.5) [12]. Obviously, a prerequisite
for the RB-RB/LB-LB mnemonic rule to prop-
erly function is that the film/sensor is also reposi-
tioned so that the radiation beam is kept
perpendicular to the film/sensor, e.g., by means
of a holder, while the position of patient’s head
remains stable during the repeated exposures.

Implementation of the RB-RB/LB-LB mne-
monic rule has been proven rather easy, since
even operators inexperienced in radiography
(third-year dental students), after a short instruc-
tion in the use of the rule, were able to record
higher quality implant images in 2/3 of the cases
by changing the vertical projection angle in the
correct direction from one exposure to the next
[11]. Specifically, in this in vitro study, after an
average of only 2 exposures, images either per-
fectly sharp or only with slightly blurred threads,
were obtained, even in cases of extreme—com-
pared to the neighboring teeth—implant inclina-
tions. In another in vitro study, after a maximum
of 2 exposures, no significant differences were
observed between the use of the RB-RB/LB-LB
mnemonic rule or the use of customized rigid
imaging guides (acrylic splints) in terms of effi-
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Fig. 10.3 Examples of radiographs with improper (a, c,
e) and proper (b, d, f) projection geometry. Proper projec-
tion geometry, i.e., the radiograph is taken with the radia-
tion beam being perpendicular to the long axis of the

cacy of obtaining images with perfectly sharp
threads or images with only slightly blurred
threads, i.e., more than 70% of the cases were
judged acceptable or perfect [13]. In perspective,
considering the relatively limited added benefit
and the much larger effort needed for construct-
ing a customized imaging guide, it is reasonable
to suggest that for monitoring purposes in the
clinic or in large field studies the RB-RB/LB-LB
mnemonic rule is sufficient.

implant, facilitates proper diagnosis of technical and bio-
logical complications, e.g., misfit of prosthetic compo-
nents (a vs. b), fracture of the implant neck (¢ vs. d), and
cement remnants (e vs. f)

10.2.3 Reliability of Measurements

For standard monitoring of implants in the clinic,
a crude method of evaluating the stability of peri-
implant bone levels in consecutive periapical
radiographs is by simply comparing the level of
marginal peri-implant bone to a reference land-
mark; for example, counting the number of
implant threads with no BIC in radiographs taken
at different time points is an easy way to assess
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Fig. 10.4 Graphic presentation of the RB-RB/LB-LB
mnemonic rule (a), with an implant inserted in the upper
jaw. If the implant threads are mostly blurred at the right
side of the implant image, the radiation beam direction
must be raised towards the ceiling to obtain sharper
threads on both implant sides. If the implant threads are
mostly blurred at the left side of the implant image, the
radiation beam direction must be lowered towards the

Fig. 10.5 For screw-type (threaded) implants, a devia-
tion of the radiation beam of up to about 10° from the
right angle to the axis of the implant, results in an implant
image with threads at either side still rather clearly dis-
cernible (right implant); when the deviation of the radia-
tion beam is about 20° or more, the threads are poorly
discernible at both sides of the implant image (left
implant)

progressive bone loss. For research purposes,
however, where high data precision is mandatory,
peri-implant bone levels may be evaluated by
measuring the distance from a reference land-

floor to obtain sharper threads on both implant sides. (b)
An implant in position 45 is registered with blurred
threads, mostly at its left side; to the right, a new exposure
with the beam lowered by about 15° results in an implant
image with sharp threads at both sides allowing identifica-
tion of the radiographic BIC. It is noteworthy that the
RB-RB/LB-LB mnemonic rule applies irrespective of
whether the implant is placed in the upper or lower jaw

mark to the most coronal radiographic BIC by
means of image analysis software. Usually, the
shoulder of the implant is used as the fixed
reference landmark, as it most often corresponds
to the level of the bone at insertion (for bone-
level implants) and is generally readily recogniz-
able (Fig. 10.6).

Depending on the type of implant connec-
tion and/or abutment or prosthetic material
type, identification of the fixture-abutment mar-
gin can be sometimes difficult; in such cases
the margin of the prosthetic restoration or the
apex of the implant can be used as a fixed land-
mark (Fig. 10.7). However, in such cases, only
relative changes in bone levels (e.g., between
two time points) should be considered, as the
level of the bone at insertion cannot be
determined.

In this context, the accuracy of radiographic
recordings of marginal bone levels in terms of
representing the true (histological) marginal
peri-implant bone levels has been assessed in
pre-clinical in vivo studies using clinical-type
implants. Most of the studies showed that radi-
ography underestimates peri-implant bone level
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Fig. 10.6 The implant shoulder (indicated by the arrows) is usually quite easily identified and is commonly used as the
reference landmark because it most often corresponds to the level of the bone at insertion (for bone-level implants)

Fig. 10.7 When the implant shoulder cannot be identi-
fied, the margin of the prosthetic restoration (arrow) or the
apex of the implant can be used as the fixed landmark for
assessing relative changes in bone levels

in the majority of cases with about 0.5 mm [14—
18]. For example, one study in dogs showed a
correlation of 0.7 (p < 0.01) between bone level
measurements made in digital intraoral radio-
graphs and in histological sections, while the dif-
ferences were 0.5 mm or less in half of the cases,
but the average difference between radiographic
and histological measurements was 1.17 mm.
Similarly, another study showed that the radio-
graphic evaluation underestimated the bone level
by 0.6-1.4 mm [17, 18]. These observations
imply that radiography may indeed in some
cases fail in diagnosing a considerable amount
of bone loss. In perspective, it has been demon-
strated that probing pocket depth measurements
(with or without standardized probing force) at
implant sites do not necessarily correlate well
with the bone level either. Specifically, depend-
ing on the degree of inflammation in the peri-
implant tissues, the probe tip is farther from or
closer to the bone level (in healthy and in
inflamed tissues, respectively) [19, 20], and
additionally, the prosthetic reconstruction often
interferes with proper probe positioning/angula-
tion [21] (Fig. 10.8).

Thus, the marginal peri-implant bone level
can be estimated more precisely in periapical
radiographs than with clinical probing, while no
significant differences have been reported
between conventional and digital periapical radi-
ography (i.e., sensors or photostimulable phos-
phor plate systems) regarding the diagnostic
accuracy in detecting and estimating the size of
peri-implant defects [22-26]. It is however
important to keep in mind that radiographic evi-
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Fig. 10.8 The implant in position 21 has completely lost
osseointegration (a) and harbors a very deep pocket which
cannot be properly probed (b) due to the configuration of

dence of BIC does not necessarily imply osseoin-
tegration on the histological level [27].

A limitation of periapical images is that they
display only a limited part of the alveolar process
and consequently may in some instances register
only part of an implant; e.g., in situations where
extensive bone loss due to disease and/or physi-
ological remodeling after long periods of edentu-
lism has resulted in the implant placed “too deep”
in comparison with the neighboring alveolar
crest (Fig. 10.9) or cases with a flat palate imped-
ing proper placement of the sensor (Fig. 10.10).
In most cases, this poses no problem, as it is more
important to display the coronal part of the
implant with sharp threads for optimal bone level
estimation than to image the apical part of the
implant.

the prosthetic reconstruction interfering with a proper
probe angulation (c)

Fig.10.9 The implant in position 25 is placed “too deep”
in comparison with the neighboring alveolar crest and
thus, it is difficult to register the entire implant length with
proper projection geometry
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Fig. 10.10 In the case of a flat palate (a), proper place-
ment of the film holder/sensor is not possible (b), resulting
in recording only a part of the implant (c); in this particular

10.3 Panoramic Radiographs

Panoramic radiography provides an overview of
the jaws and the overall status of the teeth and
surrounding periodontal and periapical condi-
tions, including the interrelations of the various
neighboring anatomical structures. Panoramic
radiographs are cheap and highly available, and
the radiation dose of digital equipment is compa-
rable to approximately 4 periapical radiographs.
On the other hand, due to the projection tech-
nique panoramic radiographs also display an
overlap of non-dental anatomic structures (e.g.,
the spine) or among neighboring teeth (particu-
larly among the premolars in the upper jaw).
Additionally, the lower spatial resolution and the
enlargement factor must be considered; such
issues may negatively influence measurement
precision and accuracy.

In studies evaluating the periodontal bone
level in panoramic or periapical images in com-
parison with direct intra-surgical measurements,
panoramic images had a significantly lower accu-
racy than periapical images in terms of detecting
bone loss and estimating the bone level (i.e.,
mostly underestimating the bone level) [4, 27,
28]. Thus, up-to-now panoramic radiography
cannot be considered the method of choice for
research purposes for evaluating details regard-
ing the outcome of treatment or for monitoring
the peri-implant bone level as measuring preci-
sion is required. Panoramic examination has been
used, however, for evaluating the outcome of
maxillary sinus augmentation procedures,

case, the peri-implant bone level is at the normal level for
this specific type of implant, hence not displaying the
entire implant does not pose a diagnostic problem

because the entire sinus including the apical por-
tion of the implant can be more easily visualized
in these images compared to the smaller-field
periapical radiography [29, 30]. In general, a
panoramic image is often used when more than
one implant are to be installed, for selecting the
appropriate implant size and position during
treatment planning in straightforward cases
where the bucco-lingual dimension of the alveo-
lar process can be clinically judged. Nevertheless,
the distortion and enlargement of structures in the
image have to be taken into consideration by a
calibration procedure.

Panoramic images are not considered appro-
priate for evaluating marginal peri-implant bone
conditions in the clinic, although, in specific clin-
ical situations, panoramic radiographs may be
preferred to periapical radiographs. For example,
in cases with many implants, where proper radio-
graphic registration of implants is cumbersome
or even not possible with periapical radiography
due to the anatomical situation; e.g., in cases of
highly atrophied mandibles, where the residual
alveolar process is close to or at the level of the
floor of the mouth. In this context, it has to be
noted that the image quality, including the frontal
regions, has substantially improved during recent
years due to technically controlled, more pene-
trating radiation given to this region during the
exposure that blurs the shadow of the spine in the
image (Fig. 10.11). Further, new-generation
radiographic devices allow for registering seg-
mented panoramic images in the vertical or hori-
zontal plane, which de facto reduces the radiation
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Fig. 10.11 The evolvement of the quality of panoramic
radiographs from analog (a) to different generations of
digital images (b, ¢)

burden to the patient and often results in sharper
images. Thus, the usefulness of panoramic radi-
ography may increase in the future.

10.3.1 Distortion

In general, a rather large magnification is inher-
ent in panoramic images and depends on several
factors, such as patient position/malposition,
mandibular angulation, and equipment [31-34].

Magnification moreover varies among the regions
of the mouth in the same image, as well as in the
horizontal and vertical plane. In a clinical study
involving patients to receive implants in various
regions of the mouth [7], the true magnification
in panoramic images was estimated by measur-
ing the dimensions of a standardized metal ball of
known size that was placed close to the antici-
pated implant site during exposure; although the
average magnification was 22%, a great variation
in magnification existed, ranging from —10 to
90%. Furthermore, it was observed that a larger
variation in magnification was found in the hori-
zontal plane than in the vertical plane (i.e., distor-
tion), and the largest deviation from the standard
magnification factor of 25% was seen in the hori-
zontal plane and was most pronounced in the
maxillary anterior region [7]. Furthermore, in
another ex vivo evaluation (unpublished data), 25
metal balls 5 mm in diameter were placed buc-
cally at the height of the crown and of the apex in
the upper and lower jaw of a dry human skull,
and at the occlusal plane in the molar, premolar,
and anterior region (Fig. 10.12); the images of
the spheres presented often as an ellipse with dif-
ferent orientation and magnification depending
on the position of the sphere, with the maximum
and minimum diameter of these ellipses ranging
between 4.58-5.85 mm and 3.11-5.03 mm,
respectively. In perspective, based on the fact that
large variation in panoramic image distortion
exists, depending on the region in the mouth as
well as on the equipment, it seems reasonable to
suggest that for research purposes a reference
marker of known dimensions, like the metal ball
mentioned before, should be placed on top of the
alveolar process in the area of interest during
exposure and used for calibration to true size
measurements [35].
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Fig. 10.12 Panoramic radiograph of a dry human skull
with 25 metal balls (each 5 mm in diameter) placed buc-
cally at the height of the crown and apex in the upper and
lower jaw, and at the occlusal plane in the molar, premo-
lar, and anterior region. Depending on the region, the

10.4 3-D Radiography
10.4.1 CBCT

An obvious disadvantage of both periapical and
panoramic radiography is that a 2-D image of
3-D structures is displayed. The missing bucco-
lingual dimension can be captured with cross-
sectional radiography, such as conventional
computed tomography (CT) or CBCT. All 3-D
radiographic techniques have in most studies
been found superior to intraoral and panoramic
radiography in visualizing anatomical structures,
e.g., the mandibular canal [6, 36-44]. 3-D radio-
graphic techniques (i.e., CT and CBCT) have
also been found superior to periapical radiogra-
phy in identifying various types of artificially
created bone defects (including periapical
defects) [45-49] or bone lesions of endodontic
origin [50, 51]. In a study comparing the image
quality and visibility of anatomical structures in
the mandible among five CBCT scanners and one
multi-slice CT system (MSCT), CBCT was
found to be comparable or even superior to
MSCT [52]. CT and CBCT offer also the advan-
tage, compared with periapical and panoramic
images, of practically no dimensional distortion,
as well as the possibility of visualizing 3-D

metal balls were displayed as ellipses in different orienta-
tions and magnifications with up to almost 1 and 2 mm
differences from the actual diameter of 5 mm if the maxi-
mum and minimum diameter, respectively, was measured

reconstructions of the registered hard tissues.
Due to the considerably lower radiation dose of
CBCT compared to CT, the constantly increasing
quality, smaller fields-of-view, and lately afford-
able prices, CBCT is a prevailing technology
[53].

CBCT may be used in implant dentistry for
implant treatment planning, for example, in cases
where clinical examination or conventional radio-
graphic techniques may indicate inadequate bone
volume for implant installation or anatomical
aberrations are suspected that may require special
attention or modification of the surgical tech-
nique, e.g., a narrow residual alveolar ridge or a
deep submandibular fossa, or the presence of
septa when a sinus lift augmentation procedure is
planned [54]. In this context, studies have assessed
how the additional information from the third
dimension, i.e., the bucco-oral bone width,
changes the selection of the implant size when
compared with planning based on information
from a panoramic image [55-58]. For example, in
one study involving 121 single implant sites, the
implant size selected based on only panoramic
images differed in almost 90% of the cases in
width and/or length from that selected with
CBCT, having access to additional information on
the bucco-oral width [58]. Further, approximately
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50% of the anterior implants planned based on
information from CBCT were narrower compared
to those planned based on a panoramic radio-
graph. Similarly, in another study on 71 patients
with 103 implant sites, planning based on CBCT
re-categorized the majority of cases into a nar-
rower or shorter implant size compared with plan-
ning based solely on panoramic radiographs [55].
With regard to sinus lift, although in most cases a
panoramic radiograph is considered sufficient for
planning a sinus augmentation procedure, a pre-
operative CBCT scan increased surgical confi-
dence and detection rate of sinus septa and
mucosal hypertrophy [59-61]. In fact, a study
involving 101 patients judged in need of a sinus
lift procedure based on periapical and/or pan-
oramic radiographs showed that in about 65% of
the cases, an implant of at least § mm could be
placed without sinus augmentation when plan-
ning was based on CBCT [62]. Indeed, a recent
study demonstrated that due to the high variability

of the dimensions of the maxillary sinus, both in-
between patients but also in-between tooth regions
within the same patient, the bucco-oral sinus
width cannot be assumed based on the residual
bone height or standard values [63]. Thus,
although there is no evidence that implant treat-
ment planning or sinus lift procedures based on a
CBCT examination result in better treatment
results than those based on panoramic images,
one may consider that knowing the proper implant
size prior to surgery may be advantageous for the
surgeon in order to be as well prepared as possible
(e.g., alternative implant sizes in stock, instru-
mentation and material necessary for additional
procedures like lateral bone augmentation, etc.),
and of course for the patient in case that a more
invasive procedure can be avoided.

Except treatment planning, CBCT has been
used for the diagnosis of symptoms of unclear
etiology associated with implants (e.g., paresthe-
sia) (Fig. 10.13) and/or of bone defects associ-

Fig. 10.13 The paresthesia reported by the patient since
the time of implant placement could not be explained
based on the information provided by the panoramic
radiograph (a), but was easy to explain with the bucco-

oral section provided by the CBCT (b); the implant apex
is violat- ing the coronal/lingual aspect of the mandibular
canal (arrow)
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ated with implants, for assessing the marginal
bone level around implants—in particular that of
the buccal bone—and for assessing the outcome
of bone regenerative procedures [49, 55, 58, 64—
72]. For instance, the outcome of lateral bone
augmentation with autogenous and allogenic
bone blocks was compared based on CBCT
recorded post-operatively and after 6 months
[72]. Specifically, bucco-oral cross-sections were
generated at the center of the fixation screw,
ensuring spatial reproducibility of the sections
from the two observation periods; one mask over-
lapping the bone block and one the pristine bone
were generated on the post-operative CBCT,
where the boundaries of the block were clearly
recognizable. Then the sum of these two regions
was subtracted from the region of a single mask
overlapping the bone tissues in the 6-month
CBCT, where the interface of the bone block and
the pristine bone was not recognizable anymore.
Based on the assumption that the volume of the
pristine bone is not really changing during the
observation period, bone block resorption could
be estimated (Fig. 10.14).

Although CBCT has indeed been proven to be
very accurate in terms of distance measurements
of anatomical landmarks and dimensions of bone
defects [49, 55, 58, 65, 68], there are concerns
regarding the diagnostic accuracy of CBCT to
assess peri-implant bone defects and the mar-
ginal peri-implant bone level. In a methodologi-
cal study, a good correlation between the
measurements of bone levels in CBCT scans and
histological sections was shown, but the radio-

graphic peri-implant bone level estimated with
CBCT was on average 1.12 mm higher than the
true histological bone level [73]. Similar results
have been shown in other studies with mean dif-
ferences up to 2.6 mm between CBCT estimates
and true bone levels [74-76]. The discrepancies
between CBCT and true measurements can be
explained by the variations in image sectioning
and display settings, such as section thickness
and mapping of scalar values stored within the
displayed image (e.g., windowing/contrast con-
trol), which are shown to have a large impact on
the characteristics of the final image [77], but
also by the questionable image quality of CBCT
in close proximity to dental implants, due to
beam-hardening artifacts from the metal of the
implants and/or reconstruction [78]. The beam-
hardening artifacts within the reconstructed
images are cupping and streak artifacts. Cupping
artifacts occur when the multi-energetic radiation
beam passes through a round or oval object with
a high atomic number, e.g., metal. The softer part
of the radiation beam is absorbed in the object,
and the part of the beam that has succeeded in
penetrating the center of the object will be harder
when it reaches the receptor than the part passing
through the edges. Streak artifacts appear as dark
bands between two dense objects, such as two
dental implants in the same jaw (Fig. 10.15).
Several factors seem to influence the diagnos-
tic accuracy of CBCT with regard to buccal bone
measurements at implant sites [79-86]. For
example, in an ex vivo study with implants
inserted flush to the alveolar crest of human man-

Fig. 10.14 Using the center of the fixation screw as a
reference, spatial reproducibility of the sections between
different observation periods is ensured; on the post-
operative CBCT (a), where the boundaries of the block
are clearly recognizable, masks overlapping the bone
block and the pristine bone can be generated (b). The sum

of the 2 regions is then subtracted from the region of a
single mask overlapping the bone tissues in a later CBCT
(¢), where the interface of the bone block and the pristine
bone is not recognizable anymore, to estimate bone block
resorption
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Fig. 10.15 Example of extreme beam-hardening artifacts between 2 dental implants in a CT (a) and CBCT (b) scan

dibles and harboring rectangular bone defects of
varying dimensions at their buccal aspect, small
volume defects (i.e., <3 x 3 mm) were much
more frequently missed, compared with larger
defects [82]. In two recently published in vitro
evaluations in dry pig mandibles, it was demon-
strated that various modifiable (e.g., the resolution
and the image reconstruction thickness, the
CBCT unit) and non-modifiable (e.g., the
implant-abutment material, the number of
implants in the field of view, the thickness of the
buccal bone wall) factors influence the diagnostic
accuracy of CBCT when assessing the buccal
bone at implant sites [83, 84]. For instance, a
high number of implants in the field-of-view, a
low image resolution and reconstruction thick-
ness, and the presence of a zirconium implant
impair the correct diagnosis and/or measure-
ments [83]. Further, a buccal bone wall less than
1 mm thick at implant sites was shown to signifi-
cantly interfere with the ability of expert evalua-
tors to discern whether or not a bone was present
[83]. In another recently published ex vivo study
[871, 9 out of 10 times a dehiscence was diag-
nosed although it did not exist when the buccal
bone thickness was less than 1 mm, while when
the buccal bone thickness was 1 mm or more, the
presence of a dehiscence was wrongly attributed
only in 20-30% of the cases (Fig. 10.16). In this

context, previous reports indicate that the major-
ity of extraction sites in the anterior regions of the
mouth present a thin buccal wall; thus, such sites
experience larger dimensional changes, i.e., vol-
ume loss in terms of “buccal collapse,” compared
with posterior sites where the buccal bone is
often thicker (> 1 mm) [88, 89]. It may be
expected therefore that also anterior implants
often present with a buccal wall less than 1 mm
thick at the crestal aspect. It appears therefore,
reasonable to suggest that CBCT should not be
used to assess the buccal bone level at implants
inserted in narrow alveolar ridges, especially in
the anterior regions of the mouth (Fig. 10.17).

CBCT has also been suggested as a method to
assess bone quality, i.e., more or less dense tra-
becular bone, as an analog to conventional
CT. Although the judgment of bone quality based
on Hounsfield Unit values is well accepted for
conventional CT imaging [90, 91], a similar cor-
relation between gray values in CBCT scans and
bone quality cannot be assumed. Several studies
have tested the possibility to correlate quantita-
tively gray values of CBCT scans to bone quality
[90, 92-94]. However, gray values of CBCT
scans are strongly affected by the CBCT device,
positioning of the patient, artifacts, and imaging
parameters, which do not allow any meaningful
use of CBCT for assessing bone quality.
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Fig. 10.16 A buccal bone thickness less than 1 mm (a)
significantly interferes with the ability to discern whether
the bone is present or absent in a CBCT scan (b), while a
buccal bone >1 mm thick (¢) is easier to identify (d). Note

In perspective, the use of CBCT is not recom-
mended as a routine imaging technique for
implant cases according to the European
Guideline: Radiation Protection No. 172 [95].
Nevertheless, a recent study from Finland indi-

that the extra layer visible in the CBCT scans on the out-
side of the bone is a layer of pink wax imitating the soft
tissue during the scan

cated a possible association between the reduced
frequency of compensable malpractice claims
related to dental implants and the increasing
availability of CBCT technology [96].
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Fig. 10.17 Panoramic view (a), axial view (b), and level of the buccal bone at the mesial implant, where the
cross-sectional view of the mesial (c; left implant in a)  bone is thin, cannot be clearly discerned, compared with
and distal (d; right implant in a) implant. Note that the  that in the distal implant where the buccal bone is thick
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10.4.2 MRI

Magnetic resonance imaging (MRI) provides an
imaging modality free of ionizing radiation in
contrast to conventional radiography or com-
puted tomography (CT or CBCT), and it has been
used for a long time in dentistry for imaging of
temporomandibular joint (TMJ) disorders [97]
REF SHOULD BE 96. The basic principle of
MRI relies on the possibility of magnetizing
atomic nuclei (protons), i.e., hydrogen atoms,
which are found in different amounts in the
human body. Hydrogen atoms are randomly ori-
entated; however, they align parallel in the longi-
tudinal axis of the body if an external magnetic
field is turned on (resting alignment). This align-
ment can be disturbed by external radiofrequency
(RF) waves. If the RF impulse is turned off, the
protons return to their resting alignment by emis-
sion of RF energy, which is then captured by spe-
cific sensors and finally displayed as a grayscale
image. Different relaxation times result in
T1-weighted (longitudinal relaxation time) and
T2-weighted (transverse relaxation time) images.
They can be distinguished by, e.g., the
cerebrospinal fluid, which appears dark (T1) or
light (T2) [98].

Advances in MRI technology and the develop-
ment of ultra-short or zero echo time sequences
have broadened its spectrum for imaging, includ-

Fig. 10.18 Axial view of the mandible (a). Note the
hypointense signal of the cortical bone and teeth in con-
trast to the hyperintense signal of the pulp. (b) The pulp
and the root canals of the mesial root (first molar) are

ing hard tissues, e.g., bones, which have short T2
relaxation rates [99, 100], and thus the use of
MRI is currently explored also within implant
dentistry. MRI allows the visualization of cortical
and trabecular bone of the maxilla/mandible,
maxillary sinus, teeth, pulp chamber, periodontal
space, and critical structures, including the lin-
gual nerve and inferior alveolar nerve (IAN),
mental foramen, and the incisive nerve
(Fig. 10.18) [99, 101-104].

A clear depiction of bone and teeth is crucial
if MRI should be considered a reasonable diag-
nostic method for the planning, placing, and
monitoring of implants in dentistry. The appear-
ance of bone in MRI is entirely different from CT
and CBCT imaging, e.g., cortical bone consists
by its nature of a relatively low number of nuclei
(protons in water) that can be magnetized. As a
result, cortical bone is displayed as a dark region
corresponding to a signal void (Fig. 10.19) [105].

Recent studies considered MRI as an option
for preoperative implant planning and even the
fabrication of surgical guides. A comparison of
virtually planned implants in MRI and CBCT
datasets demonstrated no significant differences
relating to the apical and coronal position of the
implant. However, when comparing the distance
from the alveolar crest to the mandibular canal
(visualized in CBCT) with that to the inferior
alveolar nerve (visualized in MRI), it was found
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clearly depicted (turquoise arrows). The inferior alveolar
nerve/neurovascular bundle can be directly visualized
(orange arrow). (¢) Visualization of the mental foramen in
MRI
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Fig. 10.19 Preoperative axial view of the implant planning site (a), the green dotted line on the panoramic-view (b)
indicates the slice of orthoradial reconstruction (¢) which allows measuring of the bone quantity

that it was significantly larger (by 1.3 + 0.81 mm)
in the MRI, i.e., implant planning by means of
MRI would accept the installation of longer
implants [106]. Nevertheless, there is no verifica-
tion of the true distance from the alveolar crest to
the inferior alveolar nerve, in vivo or in vitro.
MRI-based implant planning can be verified
when this information is transferred to surgical
guides and ultimately used for implant place-
ment. Fully guided implant placement based on
information from MRI has been successfully per-
formed in vivo in five patients [107] and in vitro
involving 16 human cadaver hemi-mandibles
[108]. Planning and printing of the surgical
guides were based solely on MRI data and optical
surface scans. The in-vitro study design allowed
comparison of the planned (MRI) and the final
implant position (hemi-mandible) by postopera-
tive CBCT and optical scans: deviations were
1.34 £ 0.84 and 1.03 £+ 0.46 mm at the implant
shoulder and 1.41 + 0.88 and 1.28 + 0.52 mm at
the implant apex, respectively. Angular devia-
tions of the implant axis were 4.84 + 3.18° and
4.21 £2.01°, respectively [108]. Despite the fea-
sibility of using MRI for preoperative planning, it
is evident that MRI (still) requires an additional
optical scan for virtual implant planning. Teeth
surfaces are depicted with insufficient accuracy,
and alignment is basically based on soft tissue
(e.g., keratinized mucosal surface) and/or radio-
opaque markers [108]. A lower accuracy for MRI
compared to CBCT for tooth surface reconstruc-

tion has been demonstrated: geometric deviations
were 0.26 £ 0.08 and 0.1 + 0.04 RMS, ! respec-
tively [109].

In this context, artifacts may occur in MRI
similarly to CT and CBCT and can strongly
impair the diagnostic value of the image. They
can be classified according to their origin as
patient (e.g., motion, metal artifact), signal-
processing (e.g., chemical shift artifact, partial
volume artifact), or hardware-related (e.g., exter-
nal magnetic field inhomogeneity, gradient field
artifacts) [110]. Metal artifacts result from the
different magnetic susceptibility of adjacent tis-
sues, e.g., the interface between a dental implant
and bone, which can lead to (total) signal loss.
Furthermore, the prosthetic restoration material
also induces susceptibility artifacts. Resin as a
crown material hardly produced any artifacts,
while precious metal-ceramic, ceramic, and zir-
conia demonstrated minor artifacts. Furthermore,
the number of crowns significantly affects the
extension of the artifacts measured by area [111].
Similar results have been reported for implants
restored with various types of crowns: monolithic
zirconia crowns attached to zirconia implants
demonstrated the least artifacts, followed by
porcelain-fused-to-zirconia and monolithic zir-
conia crowns on titanium implants. Most artifacts
were reported for titanium implants in combina-
tion with non-precious alloys [112]. Therefore,

'RMS root mean square.
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patients considered for dental MRI should be
screened for metal-containing fillings/restora-
tions, orthodontic wires, or dental implants that
may interfere with the region of interest.

The obvious advantage of having no ionizing
radiation makes MRI a reasonable alternative for
monitoring dental implants and 3D defect imag-
ing in case of peri-implant diseases. However, the

use of MRI appears more relevant for zirconia
implants (Fig. 10.20), which are depicted more
clearly, compared to titanium or titanium-zirconia
implants, both demonstrating signal voids due to
susceptibility artifacts [113] (Fig. 10.21). The
distribution of artifacts is smaller for zirconia
than titanium implants, irrespective of the
implant’s geometry or the site of measurement

Fig. 10.20 Postoperative panoramic X-ray (a) and MRI
(b, ¢) following placement of two zirconia implants. Note,
MRI verifies that zirconia implants (red asterisks) do not

interfere with adjacent teeth, despite the presence (c¢) of

susceptibility artifacts
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Fig.10.21 Panoramic X-ray indicating titanium implants
with zirconia crowns (a); the green dotted line demon-
strates the orthoradial view in CT (b) and MRI (c) of
implant #16. Note the strong and minor artifacts induced

(e.g., buccal vs. lingual) [114]. Distance mea-
surements of zirconia implants indicated a high
correlation between MRI and CBCT, which is
also reflected by the longitudinal and transversal
accuracy of the actual implant’s size, i.e., 0.8%
and 2.3%, respectively. In contrast, the size of
titanium implants was overestimated by 29.7%
and 36.9%, respectively [115]. Both zirconia and
titanium implants appear as hypointense
structures, i.e., signal voids; however, artifacts
were more significant on T2- than T1-weighted
images [116]. However, similar results for MRI
and CBCT have been demonstrated for the judg-
ment of large peri-implant defects (i.e., 3 mm)
around zirconia implants in-vitro, both outper-
forming intraoral radiographs. Nevertheless,
intraoral radiographs performed better in detect-
ing small defect sizes (i.e., | mm) [117].

Besides inherent artifacts, MRI remains a
valuable diagnostic tool if an injury of the infe-

by the zirconia crown in CT (b) and MRI (c¢), respectively.
In addition, the titanium implant appears slightly distorted
in MRI (¢) in comparison to CT (b) imaging

rior alveolar nerve following implant placement
is clinically suspected. MRI allows direct visual-
ization of the inferior alveolar nerve in contrast to
CT/CBCT, which may miss the protrusion of an
implant into the mandibular canal if its cortical-
ization is insufficient [103, 118]. MRI has also
been investigated for the evaluation of bone aug-
mentations, particularly maxillary sinus floor
augmentations (MSFA) and onlay grafts. Vertical
bone height changes following MSFA can be
assessed safely using MRI (Fig. 10.22) [119].
Furthermore, the healing of autologous onlay
bone grafts in their early stages was visualized by
MRI in combination with an intraoral coil.
Cortical and cancellous bone could be differenti-
ated, and the volume of the block graft was calcu-
lated. Osteosynthesis screws were displayed as
signal voids encircled by a thin fringe [120].
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Fig. 10.22 Panoramic X-ray following MSFA (a) and
MRI 1 day postoperatively to verify possible dislocation
of the graft into the maxillary sinus (b). Note: the green

10.5 Subtraction Radiography

Subtraction radiography was introduced in the
1930s and is a well-established method for the
detection of bone changes in serial radiographs.
During the 1990s subtraction radiography has
also been used in dental research, including
assessment of morphologic changes and bone
formation and remodeling of extraction sites
[121] as well as for the follow-up evaluation of
implants [122-126].

Manual, semi-, or fully-automated systems for
subtraction radiography exist. Briefly, subtrac-
tion radiography is based on the principle that a
computer program simply calculates the pixel-
pixel difference between two digital radiographs.
Some systems are more advanced and, based on
contrast adaption, subtract the gray shade value
of each pixel in one image from the correspond-
ing pixel value in another image, resulting in the
subtraction image that represents the differences
in gray shades between the pixels values in two
radiographs. Provided that the two radiographs to
be subtracted are recorded with standardized pro-
jection geometry and properly aligned, the differ-

dotted line (a) indicates the coronal view (b) of the MRI,
the orange line indicates the upper border of the graft

ences in gray shades in the bone may be
interpreted as differences in bone mineral con-
tent. For example, Reddy et al. [126] demon-
strated high repeatability of a semi-automated
computer-assisted method used for measuring
bone loss around implants. In another study,
Brigger et al. [122] demonstrated peri-implant
density changes during the early healing phase
and ligature-induced peri-implantitis in an ani-
mal model, as well as cases documenting the loss
of peri-implant bone density associated with
infection or increase in density caused by remod-
eling after functional loading of an implant with
a single crown.

Despite the fact that subtraction radiography
has been advocated for the detection of minor
bone changes, one must be aware of the short-
comings of this technique. The major limitation
of subtraction radiography when analyzing
changes in a given bone defect is that the visual-
ization depends on the bucco-oral width of this
defect. Total bone fill with uniform density in a
bowl- or cone-shaped defect, as in an augmented
peri-implantitis defect or an immediate implant
placed in an extraction socket, respectively, may
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be visualized only in the coronal part. This is
because the width of the defect at that point
makes up a larger fraction of the total width of
the alveolar bone at its coronal aspect as com-
pared with the apical aspect. Likewise, one must
bear in mind that the subtraction image is a prod-
uct of remodeling of the bone walls on the buccal
and lingual/palatal aspect of the defect on one
hand and bone formation/resorption within the
defect on the other; obviously, it may not be pos-
sible to distinguish among these biological
phenomena.

In perspective, due to the above shortcomings,
together with the high costs associated with dedi-
cated software and the cumbersome training
needed, as well as the time-consuming use of the
technique and the fact that the new digital sys-
tems give better possibilities for direct visualiza-
tion of shades of gray, subtraction radiography
has not achieved widespread use in implant
research.

10.6 MicroCT

Histomorphometry, i.e., the quantitative assess-
ment of histological sections from non-decalcified
samples containing the implant and surrounding
tissues, is commonly used to assess the amount/
extent of osseointegration, i.e., the direct BIC;
this method allows also the assessment of the
bone type and mineralization level and is consid-
ered the gold standard [127-129]. However, his-
tomorphometry—and histology in general—is a
destructive technique, and once the sections are
cut, it is not possible anymore to analyze the sam-
ple in any other direction than that of the section
plane. Further, non-decalcified sections have the
additional drawback that a rather significant vol-
ume of the specimen/implant is lost during the
cutting process, due to the physical thickness of
the cutting knife itself and the subsequent grind-
ing/polishing of the section. Thus, from standard-
size implants, only 1-2 sections are usually
available for histomorphometric evaluation,
which does not allow an accurate 3-D assessment
of bone architecture.

In this context, microcomputed tomography
(uCT) is a high-resolution 3-D imaging tech-
nique and is an established tool to assess bone
ex vivo, as an alternative method to bone histo-
morphometry [130-136]. pCT offers the main
advantages—compared to histomorphometry—
of non-destructive assessment of bone morphol-
ogy, and that relatively large volumes of interest
can be analyzed in a truly 3-D way. In addition,
the whole process of analysis can start immedi-
ately after the tissue samples are available and
thus a faster analysis can be achieved. pCT has
also been suggested to assess BIC [137-140]. A
few studies have shown a good correlation
between BIC estimates from pCT and from histo-
morphometry with relatively small discrepan-
cies—either showing under- or overestimation of
BIC with pCT [139, 141]. Other studies, how-
ever, have observed large differences between
BIC values from pCT and histomorphometry,
which are attributed to the presence of similar
type—but of less magnitude—of artifacts, as
those described above for CBCT (i.e., beam-
hardening artifacts) [142, 143] (Fig. 10.23).

Conventional pCT devices are limited by the
maximum current of the X-ray tube; this in turn
is limited by physical constraints and the integra-
tion time that is directly related to the total scan-
ning time. A way to improve resolution, voxel
information content, and to limit drastically the
beam-hardening effect is to use synchrotron radi-
ation (SR) as the X-ray source. The beam gener-
ated from an SR source is very brilliant,
characterized by a high flux of photons; it is,
therefore, possible to filter the beam using a
monochromator so that only a specific, narrow
range of energies is utilized. As the intensity of
the original beam is very high, the remaining
monochromatic flux has enough photons, all
characterized by the same energy level, to gener-
ate an excellent signal-to-noise ratio (SNR) with
virtually the absence of beam hardening. Further,
in contrast with conventional pCT, where the
beam has either a fan shape or a cone shape, the
incident beam of SR is long, the source diver-
gence is small, and, the X-rays are nearly paral-
lel. These characteristics of SRuCT scanning
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Fig. 10.23 Bucco-palatal (a) and axial (b) section from
the maxilla of a macaca fascicularis monkey, containing a
titanium dental implant scanned with conventional

PCT. Precise BIC estimation appears compromised due to
the presence of beam-hardening artifacts

Fig. 10.24 Cross-sections from the maxilla of a macaca
fascicularis monkey containing a titanium dental implant
scanned with conventional pCT (a) and SRpCT. Note the

allow for higher resolution, which can be up to
1/10 of the 1 pm range [144]. Consequently, the
images obtained from SRpCT scanning are less
noisy and the bony edges are sharper than the
ones generated by the conventional pCT
(Fig. 10.24).

Thus, with limited beam-hardening artifacts in
SRpCT scans, better visualization of the relation-
ship of the bone tissue to the implant is possible
(Fig. 10.25). Nevertheless, and although it may

extent of beam-hardening artifacts in the pCT image (a),
that are almost absent in the image from the SR-based
scanner (b)

seem reasonable that a better estimation of BIC
would also be possible with SRuUCT compared
with conventional pCT, a recent study showed a
discrepancy of 5—15% between SRuCT and his-
tology in terms of BIC [145]. In perspective, pCT
and SRuCT facilitate improved visualization and
understanding of tissues and implants in 3-D
(Fig. 10.26) but are still not considered as precise
as classic histomorphometry using light micros-
copy to assess osseointegration [146].
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Fig. 10.25 Assessment of BIC is clearly compromised
due to beam-hardening artifacts in a section from a con-
ventional pCT (a), while BIC in a section from a SRuCT

Fig.10.26 3-D reconstruction of an aspect of the maxilla
of a macaca fascicularis monkey containing a titanium
dental implant scanned with SRuCT, where even some of
the smallest trabeculae are clearly visible

10.7 Conclusion

Intraoral periapical radiographs provide the best
spatial resolution and are recommended for
implant planning in simple implant cases where
clinical measures suffice to estimate bone thick-
ness and no challenges exist with respect to

&

(b) seems to correspond well to that estimated in a non-
decalcified histological section (¢)

interference with anatomic structures, e.g., the
mandibular canal. Periapical radiography is
most often the method of choice for clinical
monitoring and research purposes when assess-
ing the peri-implant bone level. A pre-requisite
for assessing the peri-implant bone level with
relatively good precision in periapical radio-
graphs is that images are calibrated and that
sharp threads on both sides of the implant are
displayed. This can readily be achieved with the
RB-RB/LB-LB mnemonic rule. Panoramic
images are often appropriate for treatment plan-
ning, i.e., for selecting the implant size and
position, in most of the cases where more than
one implant is planned or in cases with a risk for
interference with anatomic structures; the dis-
tortion and magnification of the panoramic
image should be taken into consideration by a
calibration procedure. However, when a clinical
examination or the panoramic radiograph may
indicate inadequate bone volume for implant
installation or anatomical aberrations, which
may require special attention or modification of
the surgical technique, a CBCT should be
obtained. However, panoramic images and
CBCT are not appropriate for routine monitor-
ing or for research purposes for assessing the
peri-implant bone level, because the bone-to-
implant interface is not clearly visualized.
Similarly, although pCT and SRpCT are precise
for bone volume estimations, the technology
cannot yet be used to assess BIC as precisely as
with histomorphometry.
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