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ARTICLE INFO ABSTRACT

Keywords: Intraoral autologous bone grafting represents a preferential choice for alveolar reconstruction prior to dental
3D computer-guided surgery implant placement. Bone block harvesting guided by a computer-planned lithographic template is a novel and
Osteotomy

promising technique for optimizing the volume of harvested material, while controlling the osteotomy 3D po-
sition with respect to delicate anatomical structures. We provide a quantitative framework to non-invasively
estimate the accuracy of this technique. In the proposed framework, the planned osteotomy geometry was
compared to the real outcome of the procedure, obtained by segmentation of post-procedural cone beam
computed tomography data. The comparison required the rigid registration between pre and post-procedural
mandibular models, which was automatically accomplished by minimizing the sum of squared distances via a
stochastic multi-trial iterative closest point algorithm. Bone harvesting accuracy was quantified by calculating a
set of angular and displacement errors between the planned and real planes which characterized the excision
block. The application of the framework to four cases showed its capability to quantify the tolerance associated
with computer-guided bone harvesting techniques with submillimetric accuracy (<0.4 mm), within the limits of
native image resolution. The validation methodology proved suitable for defining the safety margins of osteot-
omy surgical planning.
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1. Introduction In spite of the benefits, intraoral sites may offer a limited available

bone volume and may be associated with post-procedural complications,

The functional and aesthetic success of prosthodontic restorations in
presence of atrophy of the alveolar crest is highly dependent on bone
augmentation procedures [1,2], which allow implant placement in the
optimal position. Autologous bone grafting is currently considered the
“gold standard” among different bone reconstruction techniques, as it
offers higher bone survival rate and implant success, thanks to the
non-immunogenic, osteo-inductive and osteo-conductive properties of
the augmentation material [3-6]. Intraoral donor sites are particularly
advantageous in terms of accessibility and proximity to recipient sites,
morbidity, operative time, and costs [7]. In fact, bone harvesting in the
retromolar region of the mandibular ramus has proved to be an effective
and safe method to treat up to medium-size alveolar defects [8].

including mandibular and neurologic damage, which can affect patient
acceptance in the long term [2,9-11]. The use of high-resolution cone
beam computed tomography (CBCT) has introduced key advantages in
implant dentistry [12], allowing a pre-procedural 3D planning of the
intervention. Although pre-procedural imaging can also inform the
harvesting procedure, the intra-procedural use of this anatomical in-
formation is limited due to the lack of reference points for accurately
identifying the position of the mandibular canal, mental nerve, and
dental roots. Conservative cutting of the cortical plate in the ramus
apical portion is the current strategy to contain the risk of nerve damage
[9,13], while damage to other anatomical structures cannot be fully
avoided due to the limited control on freehand incisions. On the other
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hand, computer-guided implant surgery is becoming increasingly pop-
ular in dental rehabilitation, even if evidence of a clear superiority with
respect to conventional methods is still inconclusive [14,15]. In partic-
ular, an established static computer-assisted procedure consists in the
preoperative virtual planning of a template fitted to the local anatomy,
the stereolithographic printing of the template, and its use during the
intervention as a guide for drilling and implant insertion.
Computer-designed stereolithographic surgical guides may offer an
advantage with respect to freehand methods once the surgeon is aware
of the possible accuracy deviations [16-21].

Drawing from this technology, an analogous approach has been
recently investigated for guiding the intraoral harvesting of autologous
bone [22-24]. Applying this novel technique, the surgeon can take full
advantage of pre-procedural, CBCT based, surgical planning using a
stereolithographic template, which is fitted to the harvesting site
cortical bone and guides the movement of the cutting tool. This allows to
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control the position, angulation and depth of osteotomy lines, maxi-
mizing the volume of the harvestable bone block at minimal risk of
damage for nearby delicate anatomical structures. Given their recent
introduction, computer-guided stereolithographic bone block harvest-
ing systems still lack a proper accuracy evaluation to define their safety
and precision with respect to other harvesting techniques. In this paper
we propose a framework for estimating the accuracy of these novel
systems, which systematically quantifies the discrepancy between the
planned and real harvesting procedures in terms of positional and
angular deviations of the osteotomy planes. The framework was pre-
liminarily tested on a limited number of cases to assess the feasibility
and the suitability of the method, with the ultimate goal to use it for
validating the harvesting technique on a wider cohort of patients.

Fig. 1. Example of computer-guided bone block harvesting. (a) Virtual planning and construction of the surgical guide model. Five incision planes were defined, one
distal (yellow), one mesial (green), one cranial (orange), and two apical (red and purple) (b) Lithographic surgical guide screwed in situ. (c) Piezoelectric scalpel
performing the osteotomy directed by the internal faces of the surgical guide. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)
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2. Methods
2.1. Materials

2.1.1. Dataset

The validation method was tested on four cases, two obtained from a
human cadaver head (case 1 and 2), and two from anonymized images of
two patients (case 3 and 4) who underwent autogenous bone grafting for
the application of dental implants [24]. The use of medical images
abided by the local statutory requirements. The validation used both the
pre-procedural tomographic dataset, acquired for virtual planning and
production of the surgical guides, and the follow-up post-procedural
dataset acquired after the surgical procedure. The cadaveric imaging
dataset was produced by veterinary CT scanner Vimago™ (Epica Med-
ical Innovations, San Clemente CA, USA) with isotropic image recon-
struction at 0.4 mm, while the in vivo datasets were obtained by CBCT
scanner (VGi Evo, NewTom, Imola, Italy) with isotropic image recon-
struction at 0.3 mm. The virtual guide model and its incision planes were
exported from the planning software in STL format. All the algorithms
necessary for the validation were developed as in-house built software,
using Matlab programming platform (MathWorks, Inc., Natick, Massa-
chusetts, USA).

2.1.2. Bone grafting procedure

The harvesting and grafting procedure was previously described in
detail [23,24]. Briefly, the surgical planning was performed using
diagnostic and analytic software (3Diagnosys 4.0, 3DIEMME, Cantt CO,
Italy), to obtain cross-sectional images and 3D reconstructions (Fig. 1
(a)). The mandible area most suited for bone harvesting was identified
based on the visualization of the mental nerve and foramina, the alve-
olar canal, and the dental roots, while a safety margin from these
anatomic structures was kept in setting the position of the cutting
planes. The shape of the bone block to be removed was approximately
rectangular with a cranial, an apical, and two lateral (mesial and distal)
sides. The virtual surgical guide had the internal faces defined by the
projections of the cutting planes outside the bone surface, and was
shaped in computer-aided design (CAD) software (PlastyCAD, 3DIE-
MME, Cantu CO, Italy) in order to fit the local anatomy. A
computer-assisted manufacturing (CAM) process (3Dfast, Padua, Italy)
was used to build the guide in medical polyamide. The surgical pro-
cedure was performed under general sedation and local anesthesia. After
the guide was anchored and screwed on the donor site (Fig. 1(b)), the
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osteotomy cuts were made leaning the piezoelectric scalpel on the in-
ternal faces of the surgical guide (Fig. 1(c)). The surgical guide unam-
biguously directed the outline of the incision, while its depth was
implicitly determined by the analysis of the volumetric image. After
bone removal, the harvesting site was filled with collagen sponge and
the bone block was grafted following a previously described bone
augmentation approach [25].

2.2. Validation procedure

The framework of the validation process is summarized in the
flowchart of Fig. 2. The procedure consisted of the following steps. 1)
Segmentation of the cortical bone containing the osteotomy (mandible)
from the pre and post-procedural datasets. A model including softer
(cancellous) bone is also segmented in the post-procedural dataset,
suitable to detect the performed incisions. 2) Registration of the cortical
bone mandibular models in order to correctly align the pre-procedural
planned incision planes in the post-procedural dataset. 3) Segmenta-
tion of the real incision surfaces from the post-procedural soft mandib-
ular model as sets of samples, and fitting of a spatial reference frame
specific for each incision. 4) Quantification of several displacement and
angular discrepancy components between the planned and real incision
surfaces according to the reference frame.

2.2.1. Model segmentation

In the pre-procedural CBCT/CT images the mandibular cortical bone
was segmented by applying a manual intensity threshold [26] set case
by case according to visual inspection by the physician, ranging from
1000 to 1200 grey level values in our dataset. Separation from contig-
uous bone structures was obtained by connected component analysis
[27], aided by manual selection whenever necessary. Major image ar-
tefacts were also manually removed. The segmentation produced a full
mandible mesh model.# .. An equivalent anatomy was segmented also
from the post-procedural CBCT/CT using the same threshold, producing
the mesh model .# 05 and the binary mask By, which represented the
internal volume of .#p.. It was unnecessary to exclude from the
mandibular models the harvesting region, since the registration algo-
rithm had the capability to automatically detect major dissimilarities
between the models via a cutoff threshold. A mandibular mesh model
A soft, inclusive of less dense bone tissue, was similarly produced from
post-procedural images by lowering the intensity threshold to 600-800
grey level values. The model .#,; was more suitable for the delineation
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Fig. 2. Flowchart of the validation process for computer-guided bone grafting. CT =computed tomography; CAD = computer-aided design; ICP = iterative

closest point.
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of the incision surface exposed by the surgical excision.

2.2.2. Model registration

The registration of the pre-procedural mandibular model .7 to the
post-procedural model .#,,; Was regarded as a surface rigid alignment
problem [28], and solved by minimizing a target function G composed of
the root mean square of distances from .# . t0 .#post. The registration
was composed of two phases: the global phase, where the search range
was wide and only a sparse subset of N points on ./, was used, and the
refinement phase, where the range was narrower, a denser set of points
was employed, and a cutoff threshold of 2 mm was imposed on distances
to exclude grossly mismatching parts [29]. Each registration phase was
based on a stochastic multi-trial approach, adapted from Refs. [30,31].
Specifically, a set of 20 repeated alignment trials were performed with
the initial position of .# .. perturbed by random displacements and ro-
tations, and the trial result with minimal G was kept as solution. The
minimization of the target function G in each trial was accomplished by
an iterative closest point (ICP) algorithm [32,33], summarized below.

In the ICP algorithm, the set of N points {p;} sampled on .#, was
iteratively matched to the closest points {q;} on the surface of .#p,s and
rigidly transformed by T:

T(p;)=Rp, +t, )
where R is a rotation matrix and t is a translation vector. At each iter-
ation the transformation T was determined by least square minimization

of the residual distances between the transformed points and their
closest pairs [34], i.e. by minimization of the target function:

@

This orthogonal Procrustes problem was solved by singular value
decomposition (SVD) [35]. Briefly, if P and Q are matrices of the
demeaned row vectors {p;} and {q;} :

, 1 ¢
P=[pl...p] =P P =7 D ps (3a)
i=1
T T =T = 1 S
o=laf. ) -a a=1 > 4 (3b)

and V and U are produced by SVD of PQ”:

PO =UzVT, (@)

then the rotation matrix is given by Refs. [36,37]:

R=VAU", A =diag(1,1,det(VU")), (5)

where diag defines a diagonal matrix and det indicates the determinant.
The translation vector was thus obtained by:

t=q — Rp. (6)

The ICP algorithm was halted when reaching a maximum number of
iterations (200), or when the decrement of G in 10 iterations was inferior
to a predefined threshold (0.01 mm). The net transformation applied to
the samples {p;} was finally extended to the whole .7, model.

The N points {p;} used in the ICP trials were subsampled on .#p
surface with a minimal distance threshold of 2 mm in the global phase,
while in the refinement phase the threshold was set to 0.3 mm, i.e. the
CBCT/CT data resolution. The initial perturbation range was 20 mm for
displacement and 30 deg for rotation angles in the global phase, and
2mm and 3 deg in the refinement phase.

The identification of the closest points between the models during
each iteration was the most computationally expensive part of the al-
gorithm. The computational burden was reduced by obtaining the
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closest point information from an Euclidean distance transform [38],
precomputed on the binary mask B,,:. The distance image D was signed,
and contained the distance of each voxel from the By, mask boundary,
with negative values indicating voxels inside the mask. The three co-
ordinates of the closest points were also stored in three separate
matrices: Qx, Qy, and Q,. At each ICP iteration, the distance of points
{p;} from .#,s: was quickly obtained by linear interpolation of D at {p;}
positions, while the coordinates of the closest points {q;} were similarly
computed by interpolation of Qx, Qy, and Q,.

The registration results were assessed by visual inspection and the
analysis of several quality parameters, i.e. the root mean square (RMS),
median, and 90 percentile of the final residual distances under the cutoff
threshold of 2 mm. The percentage of .#Z,,. mesh nodes under the cutoff
was also reported.

The rigid transformation applied to .# . was finally used to align the
model of the planned surgical guide and its incision planes to the
reference frame of the post-procedural data.

2.2.3. Incision surface segmentation

The incision surfaces exposed by the bone harvesting procedure were
detected on the post-procedural soft bone model .Zy; by manually
selecting Ny samples {s;}; ; , for each incision, as shown in Fig. 3(a).
The samples were arranged in three rows: two delineating the inner and
outer rims of the incision, and one placed in the middle. Inter-sample
distance in a row was at least 0.5 mm.

The N; samples {s;} on each incision surface identified the effective
incision plane. This plane was fitted to {s;} by singular value decom-
position (SVD) of the demeaned sample coordinate matrix, identifying
three principal axes (Fig. 3(b)):

- The binormal axis b, which was perpendicular to the plane and
corresponded to the smallest singular value. Its direction pointed
toward the part of tissue removed.

- The normal axis n, corresponding to the middle singular value, lay
on the plane and was perpendicular to the incision direction
(movement of the scalpel). Its direction pointed outward of the bone.

- The tangent axis t, corresponding to the largest singular value, lay on
the plane and was parallel to the incision direction. Its direction was
defined by the cross product of the binormal and normal axes.

The segmentation of each effective incision plane defined thus the

reference frame (E, f, 1), with origin set to the barycenter of the N;
samples:

5217 Zsi~ (@]

2.2.4. Incision accuracy estimation

"

The planned incision plane was identified by the binormal axis b,
whose direction was chosen coherent with b (toward the part of tissue

removed), and by the plane distance b from the origin §, so that b'b
was the closest point of the plane to 5. The accuracy estimation consisted
in computing the angular discrepancy between the planned and effective
incision planes, separated into rotation components around normal and
tangent axes, as shown in Fig. 3(c), and the displacement discrepancy of
the effective incision samples from the planned plane.

The angular errors informed about inclination differences between

the effective (E) and planned (B*) binormals, and were defined ac-
cording to:

- Total inclination error:

O = arccos(gkﬁ) 8)
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Fig. 3. Characterization of incision surfaces by manual sampling and definition
of reference frames in the post-procedural mandibular model. (a) Sets of points
sampled in different incisions are shown in different colors. The removed block
is defined by one distal (1), one mesial (2), two apical (3, 4) and two cranial (5,
6) incisions. (b) Each set of points is associated with a reference frame identified
by the principal axes of the point cloud, i.e., the effective binormal b (red), the
normal n (blue), and the tangent? (green). (c) Angle discrepancy components
between the effective binormal and the planned binormal I;ﬁ (grey vector). Oy
(light red) is the total angle, ¢, (light blue) and 6, (light green) are the angles
between b and the projections of 3* (dashed grey vectors) on the planes
orthogonal to 7 and 7, respectively. (d) The distance d; of a sample point s; from
the planned plane (transparent grey), defined by f and b", is indicated by the
black dotted arrow. The red dotted line indicates the residual distance of s; from
the fitting plane (light red). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

- Inclination error around the normal axis, which was measured as the
angle between the effective binormal and the projection of the
theoretical binormal on the plane orthogonal to n:

0, = arccos | ——————= (C)]

- Inclination error around the tangent axis, which was measured as the
signed angle between the effective binormal and the projection of the
theoretical binormal on the plane orthogonal to t:

0, = arcsin b—n (10)

(b b+ (b Ay’
The angle 6, indicated the overall inclination error between the
planned and effective planes. The angle 0, specifically indicated the
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difference between the planned longitudinal direction (grossly the di-
rection of scalpel movement from the start to the end of the incision) and
the effective longitudinal direction of the incision. The angle 6, indicated
a discrepancy in the depth direction (direction of scalpel penetration),
where a positive sign corresponded to a conservative incision, i.e. the
inclination was such that less material was removed inside the bone.
This inclination error was considered reliable only if the exposed surface
had a certain depth (due to the thickness of the bone), or if the incision
presented an in-plane curvature due to bone curvature.

The displacement errors informed about the shift between the
effective and planned incision surfaces. As shown in Fig. 3(d), they were
based on the signed distances {d;} of the N; points {s;} of each incision
from the corresponding planned incision plane:

di=sib —b". an

Different statistics were obtained for each incision:

- The mean distance error averaged the signed distances:

==Y g 12)

- The root mean square distance error was the root mean square (RMS)
of the distances of the samples from the planned incision plane:

(13)

14)

The mean distance error (Sueqn) indicated the net displacement of the
actual incision with respect to the planned incision. A positive mean
corresponded to a conservative incision (less material removed).
Conversely, the RMS error (Sgys) represented the whole deviation of the
incision surface from the planned incision, being computed by the
square of each distance. The residual standard deviation 6, was the RMS
of the sample distances from the effective incision plane, representing
how well the incision surface lay on a single plane.

2.2.5. Confidence of the accuracy results

The validation procedure was subject to uncertainties arising from
the segmentation, the registration, and the fitting of the effective cut
planes.

The threshold based segmentation was affected by the finite native
image resolution (0.3-0.4 mm) and by the presence of noise and arte-
facts on the image. The registration entailed an alignment error, even if
gross artefacts were excluded by setting a cut-off threshold on the dis-
tance. The residual distances under the cut-off threshold represented the
mismatch between the pre and post models, including not only the un-
certainty of the registration parameters, but also of the segmentation
procedure, since the intensity noise in pre and post CBCT/CT were un-
correlated. The RMS of the registration residuals were thus a good es-
timate of the error introduced in these phases of the validation.

The fitting of the effective plane to the samples was also associated to
a finite confidence. Displacement error Spmeqsn was affected by the stan-
dard error of the plane position along the binormal direction, which was
estimated as o, /v/M, where M < N, represented the number of inde-
pendent samples present in each incision. M was heuristically computed
by dividing each sample sequence length by the native image resolution.
Standard errors for angles 6,, 6;, and 6, were estimated from error
propagation of the residual standard deviations oy, o, and o,,, where o,



A. Cristoforetti et al.

and ¢, were computed similarly to Eq. (14) but substituting t and 7 to b,
respectively.

3. Results
3.1. Segmentation

The segmented models of the mandible from pre and post-procedural
images are shown in Fig. 4, including the cadaver skull (first row) and
the two patients (second and third rows). Differences between the pre
(.# pre) and post (.7 pos;) models were present in the harvesting site and in
smaller details, as a consequence of the star artefacts produced by dental
restoration materials or of alterations caused by dental interventions
occurred between data acquisitions. The osteotomy surfaces resulted
better delineated in the soft bone post-procedural model .#,y; than in
M post, Since the lower segmentation threshold included more cancellous
bone, albeit avoiding CBCT/CT signal artefacts.

Computers in Biology and Medicine 114 (2019) 103435
3.2. Registration

The registration performance is shown in Fig. 5, where the contour
plots of the registered cortical mandible models and surgical guide are
superimposed to the native post-procedural tomographic images in axial
and coronal slices. A mismatch between pre (.#r) and post (.Zpos)
models is noticeable only in a minority of regions, where the dental
treatments (including bone removal) or acquisition artefacts caused an
alteration of the model geometry, whereas the majority of the surface
aligned with submillimeter accuracy. The distance cutoff threshold of
2mm, used in the refinement phase, permitted the exclusion from the
registration of the part of the model altered from pre to post-procedural
condition. Quality control on the registration results was provided by
the statistics on the residual distance values, reported in Table 1 for the
four cases. A high portion (97-99%) of the model surface showed proper
geometrical match, i.e. residual distance <2 mm. In this region, the re-
sidual inter-model distance was distributed according to a RMS of
0.3-0.4 mm, a median of 0.1-0.2 mm, and a 90 percentile under 0.6 mm.
The achieved accuracy was consistent with the original CBCT/CT data

Fig. 4. Segmentation of the mandible of the cadaveric skull (a, b, and c), evidencing the incision of case 1, and of patient cases 3 (d, e, and f), and 4 (g, h, and i). In
the first column, the pre-procedural cortical bone models .. and corresponding virtual guides are shown in purple and cyan, respectively. The post-procedural
cortical ./ o5 (second column) and soft .#,yp; (third column) bone models are shown in orange and grey, respectively. The harvesting sites are observable in the
ramus region of the post models, in correspondence of the surgical procedure. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)
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Fig. 5. Results of the registration of the mandibular models for the cadaveric case 1 (a, b), and the patient cases 3 (c, d), and 4 (e, f), shown as contour lines
superimposed to post-procedural axial (a, c, e) and coronal (b, d, f) CBCT/CT slices, windowed between —400 and 1200 grayscale values. The pre-procedural model
M pre and the corresponding virtual guide are drawn in purple and cyan, respectively, while the post-procedural model .7, is indicated in orange. The grid step is
2mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Case list with segmentation parameters and quality parameters resulting from registration of pre and post-procedural mandibular models.
Case Mandibular CT Resolution Hard and soft segmentation Registration results: residual distance statistics
b id threshold:
number side (mm) resholds Fraction under 2 mm cutoff RMS Median 90 percentile
(%) (mm) (mm) (mm)
1 right 0.4 1000-600 97 0.393 0.182 0.502
2 left 0.4 1000-600 97 0.415 0.189 0.558
3 left 0.3 1200-800 99 0.402 0.179 0.593
4 left 0.3 1000-700 98 0.306 0.124 0.361

RMS =root mean square.
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resolution (0.3-0.4 mm). Of note, the RMS distance between registered
M pre models in cases 1 and 2, which shared the same cadaver skull but
had the segmentation and registration operations performed separately,
was <0.01 mm, indicating a good reproducibility of the procedure.

3.3. Incision accuracy estimation

A visual assessment of the harvesting accuracy can be appreciated in
Fig. 6, where the registered virtual guide (cyan) is superimposed to the
soft bone mandibular model. The incision surfaces are evidenced by the
sample points. Three of the harvesting sites were on the left side of the
mandible and one on the right side. Each block was composed of a
variable number of incisions (4-6), with the additional incisions on the
apical or cranial position. For the two patient cases (panels ¢ and d),
tooth anchoring of the surgical guide was employed. Some irregularity
of the exposed surfaces was observable, especially on the corners be-
tween adjacent incisions. The quantitative validation was performed on
each incision by measuring angular and displacement discrepancies
between the sample points and the planned incisions of the virtual
guide, as shown for two representative planes in Fig. 7. Mesial and distal
incisions were characterized by a more isotropic spread of the samples
on the incision plane, due to the more consistent thickness and curvature
of the exposed bone (panel a). Differently, most cranial and apical in-
cisions tended to be linear, with a minor spread of the sample points
along the normal direction (panel b). Accuracy results for the whole
datasets are reported in Table 2. The total (), around-normal (6,), and
around-tangent (0;) angular errors averaged 8.1 +6.7, 3.4+ 5.6, and
—1.8 £ 8.5 deg, respectively. The around-tangent inclination generally
dominated the angular errors in cranial and apical incisions, due to the
minor sample spread along the normal axis. The mean (Syeqn) and RMS
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(6rms) distance errors averaged 0.20+0.76 and 0.76 +0.48 mm,
respectively, while the residual standard deviation o}, of the incision
plane averaged 0.25 + 0.24 mm. For the displacement error Syeqn, the
confidence intervals were very narrow (<0.1 mm), and below data
resolution and registration error (0.4 mm), suggesting that the presented
validation methodology was suitable for estimating the accuracy of the
guided harvesting procedure. Angular confidence intervals were inferior
to 2 deg for the majority of examined incisions, with the exception of the
few cases where the bone surface was very irregular (e.g., case 1 distal)
or very thin and linear (e.g., case 2 apical II), compromising the deter-
mination of the depth inclination.

4. Discussion
4.1. Mandibular guided bone harvesting

The major limitation of conventional freehand mandibular osteot-
omy is the safety margin required in order to avoid damage to
anatomical structures, reducing the potential volume of harvestable
bone. Conservative cut patterns with limited depth have been suggested
to avoid interference with the alveolar nerve and other underlying
structures [9,13], promoting a fracture of the bone block instead. This
practice however entails further risks and intraoperative patient
discomfort. The introduction of the 3D computer planning of the whole
osteotomy geometry allows for a more extensive use of the cutting tools,
which are safely guided by the lithographic template away from delicate
structures [24]. Indeed, the osteotomy can be customized to the specific
patient, permitting the maximization of the block dimensions while
preserving safety margins, and consistently reducing the fracture
approach.

Fig. 6. Accuracy assessment of bone block harvesting by comparison of the registered virtual guide (semitransparent cyan) and the post-procedural soft bone model
(solid grey), in the cadaveric skull cases 1 (a) and 2 (b), and in the patient cases 3 (c) and 4 (d). Each incision surface is numbered in red and identified by the
corresponding sample points (black). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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View from normal axis

View from binormal axis

\

View from tangent axis

View from binormal axis

View from normal axis

View from tangent axis View from plane intersection

(b) 3

Fig. 7. Representative examples of incision accuracy estimation by comparison of planned (cyan) and effective (red) incision planes. Corresponding binormal axes
are shown in the same colors, while the normal and tangent axes are in blue and green, respectively. Incision samples are represented as red dots, and their distance
from the theoretical plane as black segments. The view from the binormal axis reveals overall sample spread, the views from the normal and tangent axes highlight
the normal and tangent angular errors, and the view from the plane intersection evidences the sample displacements and the total angular error. (a) Case 3, mesial
incision. (b) Case 4, apical II incision. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Results of guided bone harvesting accuracy for each incision. Angular and displacement errors (bold) are reported together with the corresponding confidence.

Case number Incision Angular errors (deg) Distance errors (mm) Residual STD o}, (mm)
Oror On O, Omean ORMS

1 1 Dist 33.2+46 26.4+29 —-23.1+3.5 1.01 £0.15 1.72 1.02
2 Mesi 7.3+0.6 1.3+0.2 —7.2+0.6 —0.61 +0.01 0.62 0.07
3 Apic 5.0+1.0 2.3+0.1 4.5+1.0 0.43+0.01 0.61 0.18
4 Cran 1.2+05 0.5+0.1 —1.1+05 —0.07 £0.01 0.17 0.14

2 1 Dist 16.3+3.3 6.5+0.7 15.1+£3.2 —1.62 +0.05 1.69 0.33
2 Mesi 11.6 £0.9 2.8+0.2 -11.3+0.9 0.01 +£0.02 0.31 0.16
3 Apicl 5.9+23 5.5+0.3 2.0+23 0.69 +0.04 0.94 0.37
4 Apic II 11.1+4.4 0.9+0.5 11.0+4.4 0.32+0.07 0.67 0.76
5 Cran 4.6 +0.6 2.9+0.2 3.5+0.6 0.19+0.03 0.60 0.41

3 1 Dist 1.1+£09 0.7+0.3 —-0.9+0.9 —0.13+0.02 0.18 0.15
2 Mesi 7.9+0.6 2.5+0.2 7.5+0.6 0.72+0.01 0.74 0.08
3 Apicl 8.1+1.4 3.5+0.4 —7.3+1.4 0.56 + 0.02 0.60 0.13
4 Apic II 7.4+1.4 0.2+0.2 —7.4+1.4 0.35+0.02 0.38 0.17
5 Cran 9.7+0.8 0.5+0.1 —9.7+0.8 0.04 +0.01 0.12 0.09

4 1 Dist 3.5+0.8 0.9+0.4 3.3+0.7 —1.62+0.02 1.63 0.16
2 Mesi 6.0+ 0.6 1.9+0.3 5.7+0.5 1.34+£0.01 1.35 0.09
3 Apicl 6.4+0.9 1.8+0.2 —6.1+0.9 1.05+0.01 1.06 0.11
4 Apic I 3.8+15 1.5+0.1 —3.5+1.5 0.71 +0.02 0.77 0.24
5CranI 4.3+0.5 0.2+0.1 —4.3+0.5 0.66 +0.01 0.66 0.08
6 Cran II 8.3+0.9 5.5+0.4 —6.2+0.8 —0.06 +0.02 0.37 0.17

Mean + STD 8.1+6.7 3.4+5.6 —1.8+8.5 0.20 + 0.76 0.76 + 0.48 0.25 + 0.24

Dist = distal, Mesi = mesial, Apic = apical, Cran = cranial, STD = standard deviation.

The validation framework proposed in this study aimed at being an
instrument to assess the accuracy of the bone harvesting procedure, and
in its preliminary testing proved a suitable detector of the discrepancy
between planned and performed surgical intervention. The methodol-
ogy relied on the registration of pre-procedural and post-procedural
bone models obtained from CBCT/CT images. Intra-procedural regis-
tration techniques have been proposed in order to increase the accuracy
of computer guided systems [39,40]. In our case the alignment was a
prerequisite for the post-procedural assessment, and required high ac-
curacy to avoid adding spurious errors to those inherent to the osteot-
omy alone. Although intensity based registration approaches are
generally considered more robust than those involving only a subset of
features, especially in multimodal imaging [41], we preferred a surface

based registration that allowed the alignment of the specific rigid
structure of interest, avoiding the interference of nearby soft tissue and
the other movable skull parts. However, since the incision accuracy
measurement is independent from the registration approach, other
methods, e.g. voxel-based, could be favored, according to preference
and software availability. The stochastic multi-trial implementation of
the ICP algorithm granted efficacy in avoiding local minima of the target
function, increasing the registration precision and robustness. The cutoff
threshold prevented the intra-procedural bone alterations, which are
expected not to match, to influence the fine alignment of the matching
anatomy.

Traditional validation approaches of computer-assisted implant
surgery are based on the definition of a reference system, dependent on
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the location of the implant, which defines metric and angular deviations
significant to the specific context of implant placement [16-18]. Simi-
larly, the presented set of discrepancy metrics covers different aspects of
clinical significance, being tailored to the problematics of osteotomy.
While the RMS displacement error (Sgys) represents a general deviation
from the optimal incision surface, the signed average displacement
(6mean) discriminates between a conservative resection, having no
adverse effects apart from the minor graft volume, and an excessive bone
removal, which may have critical consequences on the intervention
outcome. The residual standard deviation (6,) may be considered a
quality parameter for plane fitting of the incision surface, thus consti-
tuting a detector of deviations from cut flatness and a measure of scalpel
movement irregularity. The angular deviation is also separated into
components, which bear specific clinical implications. The signed
around-tangent angular error (¢,) is indicative of conservative or
excessive removal of cancellous bone deep into the block, since it is
measured on the cortical side of the bone. Conversely, the
around-normal angular error (6,) characterizes the obliquity of in-
cisions, indicating a difference in resected material from one cut end to
the other, complementing the safety implications given by the average
displacement error. Both signed discrepancies Smeqn and 6; are particu-
larly important for the apical cut, where excessive bone harvesting may
cause consistent risk of nerve damage. Of note, all the possible mismatch
contributions described above (shift, inclination, and non-planarity of
the cut), affect the RMS error (Sgys), which may be considered the de-
tector of overall discrepancy.

Regarding the reliability of the discrepancy values, the confidence
interval for the detection of the incision geometry via plane interpola-
tion resulted inferior to the image resolution of the data used for both
planning and validation (0.3 mm for the tested cases). Since such sub-
millimetric accuracy may be considered sufficient for adequately plan-
ning and assessing dental implant surgical procedures [16,17,20,42], we
can conclude that the proposed framework is a promising tool for
quantifying the accuracy of guided bone harvesting techniques. Once
applied to a large number of cases, accuracy statistics may contribute to
the assessment of the safety margins within which the surgical planning
can be performed.

4.2. General guided surgery applications

The accuracy assessment framework presented in this study could be
adapted to other scenarios than mandibular bone harvesting. In the field
of dental medicine, the use of 3D printed cutting guides has been also
reported for sinus grafting [43,44] and mesiodens extraction [45]. More
in general, patient-specific osteotomy guides have been considered as an
aid for bone osteotomy in different bone surgical setting [46-48]. They
have the potential of fully translating the treatment plan to the execu-
tion phase, obtaining outcomes that are more predictable than the
freehand procedure and less dependent on the surgeon experience, and
the capability of reducing operating room times as well. Cranial and
maxillofacial surgery can avail of these techniques [49-52], particularly
for mandibular reconstruction, e.g. Refs. [53-55]. Examples in ortho-
pedic treatments include femoral neck [56,57], distal femoral [58,59],
and high tibial [60,61] osteotomy, corrective limb surgery [62,63], and
knee arthroplasty [64,65]. Bone tumor resection may also benefit from
printed custom guides [66-70]. However, as the literature suggests, the
final clinical outcome strongly depends on the accuracy of the guide and
its placement [46], which can vary considerably according to the system
utilized and the time between the planning scan and the surgery
execution. A framework to exhaustively quantify guide accuracy is
therefore necessary to fully understand the effective convenience of
these techniques in the clinical setting. The proposed framework could
be applied to assess the accuracy of these procedures, provided that the
design of the guide on pre-procedural CT data is constituted of planar
cutting surfaces, and a post-procedural CT is available. On the other
hand, the direction of the normal and tangent reference axes would be
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defined according to the requirements of the specific anatomical
context. More in general, the presented validation procedure may be
suitable to evaluate the accuracy of any flat resection interventions
aided by virtual planning and 3D-navigation, even without the media-
tion of any printed physical guide, since only the pre-procedural ana-
tomy/virtual plan and the post-procedural anatomy are in fact required
as input data.

4.3. Study limitations

The accuracy framework was tested on a limited number of cases.
However, the aim of the present study was to evidence the feasibility and
applicability of the framework in a practical scenario, not to provide a
complete assessment of a specific bone collection technique. Even if the
number of cases was limited, it should be considered that 4 to 6 cut
planes were assessed for accuracy in each case, for a total of 20 planes.

The native image quality provided by CBCT scan was the major
limitation to further improve the confidence interval of the assessment
framework. It is however expected that any guided technique cannot
outperform its native data resolution, making a finer discrepancy
detection redundant. The inaccuracy of current CBCT systems in
providing absolute bone density as grey levels may constitute an addi-
tional source of operator-dependent segmentation error, as the thresh-
olds need to be readjusted if a different system is used. This problem is
intrinsic in bone evaluation during surgical planning with CBCT.
Acquiring the pre and post images on the same machine can facilitate the
segmentation of corresponding anatomies.

Registration quality was quantified in terms of the residual similarity
measures utilized by the registration itself, which may underestimate
any real target registration error based on independent landmarks. It is
to note, however, that the definition of specific landmarks would be time
consuming and would involve additional segmentation errors. Further-
more, the residual RMS distance was analyzed in relation to the fraction
under the 2 mm cutoff, which, acting as a proximity detector between
surfaces of complex shape, would easily identify major misalignments
missed by visual inspection.

On the other hand, our procedure is able to produce a statistically
sound accuracy assessment of a CAD-planned osteotomy on a large
cohort of cases, requiring only follow-up tomographic imaging as
additional data, which may be a major advantage. This is considerably
less invasive and more feasible than other approaches typical of in situ
surgical validations.

4.4. Conclusions

A quantitative framework to estimate the accuracy of bone block
harvesting guided by a computer-planned lithographic template was
presented and tested. The framework allowed the determination of the
osteotomy accuracy by the quantitative measure of angular and
displacement errors between the planned and real bone incisions. A set
of quality parameters for the accuracy assessment was also identified, in
terms of registration errors and confidence of fitting, in order to estab-
lish the reliability of the results.

The proposed framework was validated on four cases, demonstrating
its capability to quantify the tolerance associated with computer-guided
bone harvesting techniques. Its application to a larger cohort of cases
may allow to identify safety margins for surgical guide planning and to
perform an accuracy comparison between different bone harvesting
techniques.
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