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Purpose: Tumor margin status is critical in local tumor recurrence and is a significant prognostic factor in head
and neck cancer survival. With the introduction of computer-assisted surgical planning, one of the main chal-
lenges is the accurate positioning of the surgical cutting guide but there is limited evidence of the accuracy of the
3D cutting guides in mimicking virtually planned osteotomy. This study evaluates the accuracy of osteotomy
lines produced by 3D-printed cutting guides and assesses the overall accuracy of mandibular reconstruction.
Material and Methods: The pre and postoperative 3D models were aligned using an automated surface registration
feature based on the iterative closest point algorithm. The differences in osteotomy line deviation, linear and
angle measurements, and 3D volume quantification of the pre and post models were measured.

Results: We included 14 patients (8 men and 6 women with ages ranging from 13 to 75 years) with a segmental
mandibular resection who met all of the inclusion criteria. The smallest defect size was 4.4 cm, the largest defect
was 12.2 cm, and the average was 7.30 cm +/- 2.80 cm. The average deviation between virtually planned
osteotomy and actual surgical osteotomy was 1.52 +/-1.02 mm. No covariates were associated with increased
inaccuracy of the 3D-printed cutting guides.

Conclusion: The finding of this study suggests that virtual surgical planning is an unambiguous paradigm shift in
the predictability of the surgical plan and achievement of the reconstruction goals. The 3D-printed cutting guides
are a very accurate and reliable tool in translating virtual ablation plans to an actual surgical resection margin.

1. Introduction

osteotomy line created by virtually planned 3D-printed guides. The
importance of surgical margins cannot be overemphasized because of

The mandible is a unique structure with numerous crucial functions
that affect quality of life. The complexity of oromandibular defects
secondary to trauma or tumor ablation requires comprehensive assess-
ments and treatment objectives to restore the facial form and function
(Abou-ElFetouh et al., 2011; Ayoub et al., 2014).

The introduction of computer-assisted surgical planning and
computer-aided manufacturing in reconstructive surgery has many ad-
vantages such as decreased operative and ischemic times and superior
accuracy. (Bak et al., 2010; Bao et al., 2017; Barker et al., 1994) How-
ever, one of the main challenges is the accurate positioning of the sur-
gical cutting guide due to lack of anatomical landmarks and soft tissue
interferences during placement. This remains even after the introduction
of computer-assisted surgical planning.

To the best of our knowledge, no previous study has yet assessed the
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the tremendous consequences on cancer outcomes and the use of
adjunctive therapy—this is especially true in oncological cases. (Barry
et al., 2021; Brown et al., 2016) This is a retrospective cohort study to
evaluate the accuracy of osteotomy lines produced by the virtually
planned three-dimensionally printed cutting guides and to assess the
overall accuracy of mandibular reconstruction using virtual planning
and patient-specific reconstruction plates. We hypothesize that the
virtually planned osteotomy lines do not match the actual surgical
osteotomy.
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2. Materials and methods
2.1. Study population

This study was approved by the Institutional Review Board of the
University of Illinois at Chicago (UIC IRB Protocol #2019-0836). We
conducted a retrospective evaluation of all patients who had virtual
surgical planning using IPS® KLS Martin and fabrication of 3D printed
cutting guides for the ablation of mandibular pathology between July
2016 and June 2020. The inclusion criteria included patients who un-
derwent a virtually planned mandibular resection, had complete pre-
operative and postoperative records, and had a high-resolution CT scan
with a maximum slice thickness of 2 mm or CBCT; reconstruction
included a custom-made cutting guide and patient-specific reconstruc-
tion plate obtained with CAD/CAM workflow. Any case that did not
meet all the inclusion criteria were excluded.

2.2. Imaging acquisition and processing

The pre- and postoperative images were obtained using the same
scanner and parameters. Eleven patients had cone-beam computer to-
mography (I-CAT, Imaging Sciences International, Hatfield, USA), while
three patients had multiple detector computer tomography with a 0.5-
mm pitch (256-slice CT scanner, GE Healthcare, Milwaukee, USA) in
accordance with the bone acquisition protocol. The slice thickness was
less than 1.25 mm to ensure there was no significant effect on volume
measurements. (Chang et al., 2013; Choi et al., 2002) The first post-
operative scan was acquired within six weeks from surgery and was
selected for comparison to minimize the long-term changes in volume
and position. (Ciocca et al., 2015) The scanned images were obtained in
DICOM (Digital Imaging and Communications in Medicine) format for
both the pre and postoperative scans and were processed using ProPlan
CMF software.

2.3. 3D model orientation and superimposition

The preoperative 3D virtual models were acquired from the existing
CAD/CAM protocol used for the virtual planning for each patient, while
the DICOM file from the postoperative CBCT or CT scan were processed
via ProPlan CMF ® software for segmentation, clean up, and to create
postoperative 3D models comparable to the preoperative models. Next,
the pre and postoperative 3D models were transferred to a 3D Slicer for
alignment using the automated surface registration feature based on the
iterative closest point algorithm. If the registration process was unsat-
isfactory, then landmark-based registration was performed to ensure
adequate alignment between both models. The transferred model was
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saved in the new position and exported as an STL file for analysis.

The models were then transferred to Meshmixer to measure the de-
viation in the osteotomy lines. The XYZ orientation was based on the
Frankfort plane, the midsagittal plane (perpendicular to Frankfort and
crossing the nasion-basion), and the nasion. The models were then im-
ported to MeshLab for volumetric analysis. The preoperative model was
selected as a targeted mesh, and the distance was measured between the
two meshes. The relationship between the two meshes was then pre-
served and colorized by vertex quality to visualize and quantify the
volume deviation changes. Finally, a quality histogram was rendered to
obtain the maximum, minimum, average, and percentage of the volume
deviation.

2.4. Osteotomy line deviation

To measure the accuracy of the cutting guides, the manual super-
imposition of remnant mandible segments was labeled as small and large
segments. Different planes were used to visualize the distance between
the planned and the actual osteotomy lines; the largest distance was then
measured perpendicular to the osteotomy line. Fig. 1 represents an
example of the superimposition process.

2.5. Calculation of the linear measurements

Each model was analyzed individually during landmark identifica-
tion, and the paired model was deselected to prevent any bias. Land-
marks, length, and angle-identification protocol were adopted from De

Table 1
Landmarks, lengths, and angles used in the linear measurements.

Condylion The most posterior superior point in the mandibular
condyle.
Gonion The most inferior point in the mandibular ramus.

Horizontal corner The point at the intersection between the mandibular plane

and mental foramen perpendicular.

Gnathion Midpoint between pogonion and menton.
Intercondylar The linear distance between condylion 1 and condylion 2.
distance

Intergonial distance
Mandibular ramus

The linear distance between gonion 1 and gonion 2.
The distance between condylion and gonion.

length

Mandibular body The distance between gonion and the horizontal corner.
length 1

Mandibular body The distance between gonion and gnathion.
length 2

Sagittal mandibular The angle formed by the plane passing through the gonion
angle and the horizontal corner and the plane passing through the

gonion and condylion.

Fig. 1. Case example for osteotomy line deviation virtual versus surgical cut. A: small segment superimposition (Preoperative plan in brown, postoperative in gray),
B: Large segment superimposition. (Preoperative plan in teal, postoperative in gray. Light green indicates the amount of discrepancy). (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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Maesschalck et al. (Ciocca et al., 2016; De Maesschalck et al., 2017) with
some modifications elucidated in Table 1. One side was randomly
selected in the case of bilateral resection. The case was eliminated from
the linear or angle analysis in the case of missing landmarks due to
resection. Fig. 2 shows an example of the linear and angle
measurements.

2.6. 3D volume quantification

A color map based on the vertex quality between the two models was
generated automatically without cropping the outliers. The maximum
positive value, maximum negative value, average deviation value, and
percentage of the average value were recorded and compared to the
preoperative mandibular model. Fig. 3 represents an example of the
volumetric analysis.

2.7. Statistical analysis

IBM SPSS Statistics version 27.0 for macOS (IBM Corp., Armonk, NY,
USA) was used for statistical data analysis. Descriptive statistics were
computed for all demographic data, and the key variables with some
variables were collapsed for better statistical representation such as
diagnosis and location. All landmarks and measurements were repeated
by the second author (LM). Interclass correlation coefficient (ICC) was
adopted from Koo and Li (Disa et al., 1997) where an ICC value < 0.50
means poor reliability, 0.50-0.74 moderate reliability, 0.75-0.90 good
reliability, and > 0.90 indicates excellent reliability. A one-sample t-test
evaluated if the mean deviation was statistically different versus the
reported average deviation in the literature (test deviation 2 mm); p-
value < 0.05 was considered to be statistically significant. A paired-
sample t-test examined if the mean deviation in the linear, angle, and
volume were different between the virtual and the actual plan; p-value
< 0.05 was considered significant.

Fig. 2. Case example of landmark identification, linear distance, and sagittal
angle measurement of the postoperative model.
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3. Results
3.1. Patient demographics

The sample consisted of eight males and six females with ages
ranging from 13 to 75 years with an average of 48.5 years. According to
the Brown classification (Eljamel, 1997), three subjects had class I de-
fects, two had class Ic, two had class II, four had class III, and three had
class IV defects. The smallest defect size was 4.4 cm, the largest defect
was 12.2 cm, and the average was 7.30 cm +/- 2.80 cm. The rest of the
patient’s demographics are listed in Table 2.

3.2. Osteotomy line deviation

The sample consisted of 26 mandibular osteotomies performed uti-
lizing 3D-printed cutting guides. Of those, 12 were on the small segment
and 14 were on the large residual segment. The average deviation be-
tween the virtually planned cut and the actual surgical osteotomy was
1.52 +/- 1.02 mm. The range of deviations in the small segments was
between 0.1 and 3.8 mm with a mean of 1.3 4-/- 1.04. In contrast, the
discrepancy in the large segments was 0.2-3.7 mm with an average of
1.85 +/- 1.06 mm. The difference in the deviation in both small and
large segments based on the defect location and classification was not
significant (p-values of 0.87 and 0.26, respectively). Finally, the amount
of deviation in our sample was significantly less than the reported
average deviation (2 mm) from the reconstruction data in the literature
by an average of —0.47 mm p = 0.03, 95 % (CI = -0.9-0.04).

3.3. Morphometric and 3D volumetric analysis

The mean difference between the intercondylar and intergonial
distances of the pre- and post-operative models was 0.28 mm +/- 3.58
and —0.35 mm +/- 2.84 mm retrospectively. For the mandibular body
length to the horizontal corner, the mean difference was 1.56 +/- 4.3
mm, and the mean difference to the midline was 0.2 +/- 2.84 mm. In
addition, the average difference in the ramus length was 0.99 +/- 2.61
mm, and the mean sagittal angle discrepancy was —0.37 +/- 4.97 de-
grees. None of the linear and angular measurements showed a statisti-
cally significant deviation in the surgical result versus the virtual plan p-
value > 0.05 (Table 2). The ICC showed excellent reliability in MRL
(0.94) and MBL2 (0.96) measurements; good reliability in intercondylar
distance (0.90); and moderate reliability in MBL1 (0.74), sagittal angle
(0.87), and intergonial distance (0.82).

For volume deviation, the maximum negative deviation of the
postoperative mandible ranged from —8.4 to —3.8 mm® with a mean of
—6.0 +/- 1.5 mm® while the average maximum positive deviation was
5.6 +/- 2.27 mm® and a range of 1.8 to 9.6 mm>. The mean of the de-
viation means of all models was —0.04 +/- 0.55 mm?>. There was no
significant relationship between defect location or classification and
volumetric deviation (p > 0.05). Finally, there were no significant cor-
relations in the amount of deviation with any of the following variables:
gender, diagnosis, reconstruction type, defect location, defect classifi-
cation, and average 3D volume. The volume and morphometric mea-
surements of the included subjects are shown in Table 3.

4. Discussion

Tumor margin status is critical in local tumor recurrence for both
benign and malignant diseases and is a significant prognostic factor in
head and neck cancer survival. Virtual surgical planning for ablative
tumor resection was widely adopted before validating safety. This is
especially a concerns in terms of the time to therapy initiation and the
risk of tumor upstaging. (Farwell and Futran, 2000; Foley et al., 2013;
Hanasono and Skoracki, 2013; Hassfeld and Miihling, 2001; Hassfeld
et al., 1998) A recent study by Knitschke et al. showed that computer-
assisted surgery and the observed time delay in the planning did not
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Fig. 3. Case example for the overall mandibular reconstruction accuracy. The histogram colormap shows 74.85 % of the deviation within 0.21 mm with a maximum
positive deviation (red) at the lateral surface of the small segment and maximum negative deviation (blue) at the inner portion of the proximal segment cut. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Summary of the predictive demographic variables.

Variable Value

Age 48.5 +/- 23.8 (13-75)

Gender 8 males (57.1%) 6 females (42.9%)

Diagnosis 3 malignant (21.4%) 6 benign (42.9%) 5 osteonecrosis (35.7%)
Location 5 laterals (35.7%) 9 combined central and lateral (64.3%)

Reconstruction type 11 free flaps (78.5%)

3 non-free flaps (21.5%)

class
(14.3%)

3 class 2 class Ilc |2

Defect classification (21.4%) (14.3%)

Il 3 class IV
4 class 111 (28.6) (21.4%)

Number of segments 4 one segment (28.6%)

‘ 6 two segments (42.9%)

2 three segments (14.3%)

Defect size 7.30 +/-2.80 cm (4.4-12.2 cm)

affect the margin status or the rate of lymph node metastasis in oral
cancer patients. (Hinni et al., 2013) Similarly, the use of computer-
assisted surgery did not lead to positive margin or recurrence in ame-
loblastoma resection (Huotilainen et al., 2014).

Despite the learning curve associated with computer-assisted sur-
gery, the reported deviation from static virtual plan ranges from 0 to
12.5 mm and between 0.9° and 17.5° (Ciocca et al., 2016; Ibrahim et al.,
2009; Knitschke et al., 2021; Koo and Li, 2016; Landaeta-Quinones et al.,
2018; Liu et al., 2009; Marmulla et al., 1997; Marro et al., 2016; Maxwell
etal., 2015; Mazzoni et al., 2013), while dynamic navigation has a more
precise 2-5 mm replication of the plan. (Meier et al., 2005; Metzler et al.,
2014; Modabber et al., 2014) These results indicate a wide range of
deviation rate in the static version of computer-assisted surgery, which
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could potentially have a negative impact on patient outcomes.

Other confounding factors should also be considered that might
contribute to the accurate placement of the cutting guides. As mentioned
previously, the wide range of variations in the deviation measurement is
due to utilizing different techniques. Looking at osteotomy deviation,
Hanasono et al. reported a mean deviation of 2.4 +/- 2.06 mm for the
actual versus projected fibular segment lengths and 3.51 +/- 2.69 de-
gree in angle divergence. (Ibrahim et al., 2009) The repeatability of the
isolated segments was 87.5 % within 1 mm and 96.5 % within 2 mm.
(Palla and Callahan, 2021) Interestingly, other groups found that the
fibular cut is more accurate (1.3-1.9 mm) than the mandibular osteot-
omy (2-2.3mm). (Cioccaetal., 2016; Rodby et al., 2014) Our study has
slightly more accurate results with 1.52 +/- 1.02 mm average deviation
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Full details of the volume and morphometric measurements of the included subjects.

Volumetric analysis

Morphometric analysis

Subject Max -ve deviation Max + ve deviation Average deviation % deviation RL A BL1A BL2A Sagittal angle A ICA 1IG A
1 —5.54 9.6 -0.14 35.45 3 N/A N/A N/A -2 1

2 —6.45 4.8 0.06 57.88 1 -2 2.8 -4 -3
3 —5.27 7.95 0.17 41.21 3 10 -4 -1.4 -6 -4
4 -7.78 7 -1.3 44.8 1 3 -5.9 2

5 -4.6 1.8 0.11 73.1 0 1 -1 0.8 -5 1
6 —5.33 5.74 0.2 50 -2 1 3 -7.4 0 -1
7 -7.5 4.9 —0.95 61 4.1 -8 -1.4 -1.6 -1 -1
8 —4.37 3.3 -0.19 54.3 -1 2 0 0.7 0 -1
9 —5.83 6.86 0.51 50 0 -2 2.6 8.7 4 -6
10 —6.4 5.48 —0.49 50 4 3 3 5 1 1
11 —-8.4 3.1 0.16 74.55 4.4 N/A N/A N/A 6 6
12 -3.81 6.32 0.73 44.84 -2 3 3 -3.3 2 -1
13 -8.4 3.1 0.21 74.85 2.4 -0.2 -3.2 3.8 3 1
14 —-4.7 8.43 0.36 38.4 —4 5 4 —-6.7 4 1

Abbreviations: Max: maximum, -ve: negative, +ve: positive, RL A: Ramus length difference, BL1 A: Body length 1 difference, BL2 A: Body length 2 difference, IC A:

Intercondylar distance difference, IG A: Intergonial distance difference.

from the planned osteotomy cut most likely because the technology
evolved, there was a better understanding of the cutting guide designs,
and there was more precise and thinner metal guides with excellent
adaptation.

Errors and imprecisions in computer-assisted surgery can develop at
various phases perioperatively. Sometimes the error is cumulative or
even detrimental to achieving an acceptable result. Initially, image
acquisition, resolution, and processing flaws may lead to distortion in
image data accuracy. (Roser et al., 2010) Pitch, gantry tilt, tube current,
and voltage can also play a crucial role in image reconstructions. (Sawh-
Martinez et al., 2017) In addition to the apparent effect of patient
movement and metal artifacts, slice thickness is an integral component
of the acquired image; ideally, the slice thickness should be less than
1.25 mm. (Chang et al., 2013; Choi et al., 2002).

Segmentation of the data set is highly influenced by the quality of the
images and the segmentation tool used. DICOM files are converted to
STL files via manual or automatic thresholding. (Schusterman et al.,
1993; Shu et al., 2014) This can lead to enlargement, reduction, or
distortion of the generated 3D object. For instance, different CT and
CBCT machines and parameters can cause a geometrical deviation of
more than 0.9 mm. (Stirling Craig et al., 2015) Typically, manual seg-
mentation offers a better result with geometrical variations between STL
models of 0.13 mm in medical grade computer tomography and 0.55
mm in CBCT. Nevertheless, manual segmentation is a subjective process,
and Huotilainen et al. demonstrated inconsistency in geometry and size
among three specialists who performed identical DICOM images con-
version into a skull STL model. (Succo et al., 2015).

The printing process is another step and has dimensions (difference
between the printed model’s size and the STL model) approximately the
size of an image voxel (1 mm). (Chang et al., 2013; Szewczyk et al.,
2018) Lastly, the human error, accuracy method, and measurements
instruments are important elements that can combine to measure the
technology’s accuracy during evaluation. (Taft et al., 2011) All previ-
ously mentioned steps in the preoperative planning, intraoperative
execution, and postoperative analysis could potentially influence our
results.

There is evident heterogeneity in the scientific literature in the
method of comparing pre and postoperative data, which makes it
challenging to compare studies. Typically, three common approaches
are used: 1: comparing the pre and post DICOM images with each other
(Knitschke et al., 2021; Tarsitano et al., 2018), 2: comparing the pre-STL
model directly with the postoperative STL model with no regard to the
virtual plan (original mandible not the neomandible) (Koo and Li, 2016;
van Baar et al., 2018; van Baar et al., 2019; van Eijnatten et al., 2017),
and 3: comparing the virtually-planned STL model to the postoperative
STL model. (Ibrahim et al., 2009; van Eijnatten et al., 2017; Weitz et al.,
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2016; Whyms et al., 2013; Yu et al., 2016) If the goal is to examine the
residual mandible, then the first two methods are valid; however, only
the third technique allows for a proper assessment of the residual and
neomandible, which is the ultimate purpose of evaluating the recon-
struction goals such as facial harmony, function, and occlusion. (Zhang
et al., 2016) Here, we elected to use the preoperative virtual plan with
the postoperative 3D model because we wanted to assess how close we
were in imitating the osteotomy line and evaluating the overall residual
and neomandible volume.

Another aspect of the evaluation method is the superimposition of
the STL models. Evaluating the reconstruction result based on volume
superimposition eliminates the human error introduced by landmark
selection. The superimposition can be fully automated using the itera-
tive closest-point algorithm if there is considerable similarity between
the two objects. In our study, we performed surface registration super-
imposition for the entire neomandible to evaluate the complete recon-
struction. We also performed superimposition of the isolated parts of the
remaining mandible after segmentation to look at each segment indi-
vidually and measure the osteotomy deviation.

Despite our best efforts, several limitations still exist. Some are
related to the study methodology, and others to the nature of the study
design, lack of standardized evaluation tools, and limited resources. The
study design is a retrospective single-center observation with no control
group, which means that the results are not generalizable and prone to
selection and observer bias. The imaging protocol was not standardized
among the cases. Mixing CT scans with CBCT images produces distortion
and altered spatial resolution. However, the inconsistency bias seems
acceptable given that the slice thickness in all images is less than 1.25
mm. Finally, the measurements were validated with inter-observer
assessment, but an accurate and reproducible evaluation tool does not
exist. We tried to combine multiple evaluation techniques to overcome
the deficiencies in some of the methods, but standardized subjective and
objective guidelines are needed to enhance the research finding for
comparison among future projects.

In conclusion, virtual surgical planning is an unambiguous paradigm
shift in the predictability of the surgical plan and achievement of the
reconstruction goals. The 3D printed cutting guides are a very accurate
and reliable tool to help translate the bony surgical margin from a vir-
tual plan to the actual surgical margin.
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