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Introduction: Computer navigation and customized 3D-printed jigs improve accuracy during bone tumor resection, but such
technologies can be bulky, costly, and require intraoperative radiation, or long lead time to be ready in OR.
Methods:We developed a method utilizing a compact, inexpensive, non-X-ray based 3D surface light scanner to provide a visual aid
that helps surgeons accurately draw osteotomy lines on the surface of exposed bone to reproduce a well-defined preoperative bone
resection plan. We tested the accuracy of the method on 18 sawbones using a distal femur hemimetaphyseal resection model and
compared it with a traditional, freehand method.
Results: The method significantly reduces the positional error from 2.53 (±1.13) mm to 1.04 (±0.43) mm (p<0.001), and angular error
of the front angle from 2.10° (±0.83°) to 0.80° (±0.66°) (p=0.001). The method also reduces the mean maximum deviation of the bone
resection, with respect to the preoperative path, from 3.75mm to 2.69mm (p=0.003). However, no increased accuracy was observed at
the back side of the bone surface where this method would not be expected to provide information.
Discussion: In summary, we developed a novel 3D-LAD navigation technology. From the experimental study, we demonstrated that
the method can improve the ability of surgeons to accurately draw the preoperative osteotomy lines and perform resection of a primary
bone sarcoma, with comparison to traditional methods, using 18 sawbones.
Keywords: computer-assist surgery, 3D light assisted drawing, osteotomy lines, structured-light scanning, surgical technique

Introduction
Accurate reproduction of a preoperative plan can be critical in bone tumor surgery, but traditional methods such as free-
hand resections are notoriously inaccurate. Standard use of intraoperative intensifier imaging (C-arm) can potentially
improve accuracy, but such technology still does not allow for precise identification of the tumor boundaries with
respect to anatomic landmarks.1 For these reasons, two technologies - computer navigation2 and customized 3D-printed
guides3–5 - have recently been introduced in orthopedic oncology and have been shown to be more accurate than
traditional free-hand resections.3,4,6,7 However, each of these technologies still has its drawbacks with respect to actual
clinical practice.

Computer navigation systems2 rely on expensive intra-operative hardware and typically require intraoperative
registration using either an image-based intraoperative CT scanner (which is bulky, very expensive, and produces
substantial intraoperative radiation) or a paired-point registration system. The paired-point registration method requires
the surgeon to register one point at a time, which is laborious and ultimately limits accuracy due to a registration process
using a relatively small number of data points.8
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Customized 3D-printed guides do not require upfront purchase of expensive hardware and are much less bulky than
computer navigation systems while still providing high accuracy.5 However, such jigs can have a long fabrication lead
time on the order of weeks before they can be ready for use in the operating room (OR).3 Furthermore, each jig can only
be used once for a specific case, and then is discarded; over time and the course of multiple surgeries, this can accrue
high long-term.

Because of these limitations in existing technologies, we developed an alternative, novel method to improve bone
resection accuracy that avoids many of the above mentioned drawbacks. In this method, called the “3D light assisted
drawing” (3D-LAD) method, the surgeon uses a standard surgical marking pen to draw an array of “X”s on the bone
surface, and a 3D patterned-light scanner captures the topology of bone surface along with the “X” pattern marked on the
bone surface. The technology then assists the surgeon in accurately drawing the desired osteotomy lines on the bone
surface corresponding to the desired bone tumor resection. In contrast to some of the drawbacks noted above, this method
(1) can capture thousands of bone surface points simultaneously for higher registration accuracy9 (rather than a limited
number of points captured one-at-A time), (2) uses harmless visible light intraoperatively rather than ionizing X-ray
radiation, (3) is compact, (4) uses inexpensive hardware, and (5) uses components that reusable for future cases.

We inquired the following: (1) Does the 3D-LADmethod improve the ability of the surgeon to accurately draw the planned
osteotomy lines on the bone, before resection, as compared to the traditional methods?; and (2) Does the 3D-LAD method
improve the final resection accuracy compared to the traditional methods?

Materials and Methods
Preoperative Planning
Nine pairs of Sawbones® femurs (Pacific Research Laboratories, Inc, Vashon, WA, USA) were imaged by CT scanner
(GE VCT, 0.625 mm resolution, 0.5° pitch) to create a DICOM file, from which a 3D surface mesh model was obtained
using Geomagic Design X (Geomagic, Inc, Research Triangle Park, NC, USA). In each model, the coronal plane was
defined by three points: medial epicondyle, lateral epicondyle, and femoral head center. A distal femur sarcoma was
assumed, as illustrated in Figure 1A, because it is the most common site of primary bone tumor.10 A hypothetical joint-
sparing hemimetaphyseal resection consisting of three target cutting paths (line segments AB-BC-CD) was then outlined
to enclose the distal femur sarcoma. The cutting paths AB-BC-CD were then extended anteriorly and posteriorly to create
three target cutting planes that were orthogonal to the coronal plane (Figure 1B).

Figure 1 Preoperative plan. (A) A schematic to illustrate a distal femur sarcoma enclosed by line segments AB-BC-CD in the coronal plane. (B) Three target resection
planes extended anteriorly and posteriorly from AB-BC-CD that were orthogonal to the coronal plane. These are called Plane 1, 2, and 3, as illustrated.
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In conducting experiments for comparison, femur sawbones were marked with the conventional method using anatomic
landmarks (conventional group), while the others were marked using the patterned-light scanning method (3D-LAD group).
The two groups are presented as follows.

Conventional Group
A standard procedure for wide resection in orthopaedic oncology was performed in the conventional group.11 With the
preoperative plan (Figure 1A), the surgeon tried to reproduce the osteotomy lines in reference to known palpable/visible
external landmarks on the bone. The surgeon typically uses either the electrocautery or a surgical marking pen to draw on
the patient’s femur. After reviewing the plan with careful intraoperative measurements using standard equipment (rigid
and flexible rulers), the surgeon drew the three osteotomy lines on the bone using a marking pen to reproduce the
preoperative plan (Figure 2).

Patterned-Light Scanning (3D-LAD) Group
The 3D-LAD method starts with the surgeon marking the anterior surface of femur sawbones with rows of “X”s in the
region of resection, serving as a reference grid to aid the surgeon to draw the resection planes later. Figure 3A illustrates
the limited opened area in an orthopaedic surgery with “X” marks. In our previous study,9 we showed that a 30x30mm2

area of bone surface is sufficient to provide an accurate registration. Next, an EinScan-SP scanner (SHINING 3D Tech.
Co., Ltd. Hangzhou, China) was mounted on a tripod and placed 300–400mm above the marked bone surface. Figure 3B
illustrated the patterned light projected on the marked area of bone surface.

Figure 4A shows a scanned bone surface with “X” marks, processed by the Geomagic software to crop out any
unnecessary background, leaving only the bony anatomy of the distal femur. We specifically excluded any data points
from subchondral areas of bone, since these are covered with cartilage in a real operative setting and would not be able to
be adequately visualized in an actual patient. The extracted bone surface in Figure 4A was then registered to the
preoperative CT-scan model by a surface matching algorithm, with the surface match shown in Figure 4B. (Refer to our
previous article9,12,13 for a detailed explanation of the revised Drost’s algorithm.14) Next, the preoperative plan was
superimposed onto the extracted bone surface and shown to the surgeon on a computer as a visual aid to accurately

Figure 2 The conventional method: A standard procedure for wide resection in orthopaedic oncology in which surgeons tried to reproduce the osteotomy lines in
reference to known palpable/visible external landmarks on the bone, and draw the three osteotomy line segments on the bone using a marking pen to reproduce the
preoperative plan.
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reproduce the preoperative plan by drawing the planned osteotomy lines, as illustrated in Figure 4C. The surgeon was
allowed to rotate the virtual plan in three dimensions, as needed, using the grid formed by the rows of X’s as a reference.

Evaluate Navigation and Resection Accuracy
After the osteotomy resection line segments AB-BC-CD were marked on femurs by a surgeon, by either the conventional
method or the 3D-LAD method, the navigation accuracy is evaluated. This is illustrated in Figure 5. After the resection
operation is performed by a surgeon following the osteotomy lines, the resection accuracy is evaluated. Refer to the
Appendix for details. Navigation accuracy was presented by the deviation of corners B/C and front angle formed by the
line segments AB/BC/CD (Figure 6A). Resection accuracy was measured by the maximum deviation of the osteotomy
path (Figure 6B) and the surgical error margin, measured in the Appendix.

Statistical Analysis
The main objective of this paper is to compare the conventional and 3D-LAD methods to evaluate the error of osteotomy.
Therefore, only one surgeon conducted the resection procedures for all sawbones in order to produce statistical analysis

Figure 3 (A) An illustration of limited exposed area (about 30×30 mm2) of the distal femur, marked with the “X” pattern. (B) A light pattern is projected onto the surface
area of the bone marked with the “X” pattern. The distorted light pattern on bone surface is captured by camera.

Figure 4 (A) An image of scanned surface with the patterned light, marked with “X”. (B) The scanned surface is registered to the CT-scan model by a surface matching
algorithm. (C) After the registration is done, the three preoperatively resection planes were superimposed onto the extracted bone surface, in reference to the “X” marks,
to serve as a visual aid for the surgeon to accurately reproduce and draw the preoperative plan.
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with significance. Results of the conventional and the 3D-LAD methods were compared using a Student’s t-test.
Significance level was set at 0.05.

Results
The experimental results for both navigation and resection accuracy are summarized in Table 1.

Navigation Accuracy
As defined in the Appendix and illustrated in Figure 6, the navigation accuracy is measured by the “corner deviation”
at points B and C, and the “front angle.” The results of statistical analysis of the experimental data are tabulated in
Tables A1 and A2 in the Appendix.

Figure 5 Evaluate the navigation accuracy: (A) post-operative surface scanned image is first aligned with reference CT-scan model. After that, the osteotomy lines drawn by
a surgeon is compared with the reference CT-scan model in coronal view to assess the navigation accuracy. (B) The result of the 3D-LAD method: the osteotomy lines
drawn by a surgeon is in red color (with “X” grid as a visual aid), to compare with the cyan line segments; (C) the result of traditional manual method: the osteotomy lines
drawn by a surgeon is in red color, to compare with the cyan line segments.

Figure 6 Definitions of terminology to measure errors: (A) the “corner deviation” is defined as the displacement error at the corner B or C between the CT-scan reference
and the osteotomy lines drawn by a surgeon in the coronal plane, as shown. The “front angle” is the angular displacement of the AB or CD line segment between the CT-
scan reference and the best-fit line of the drawn path in the coronal plane, as illustrated with CD line segment in the figure. (B) Many points on the resected bone surface
corresponding to line segments AB, BC, and CD are sampled. Each sampled point, as shown, has a distance from the reference preoperative CT-scanned planes extended by
AB, BC, CD lines (cf. plane 1, 2 and 3 in Figure 1B), respectively. The “max deviation” is defined as the maximum distance of deviation among all sampled points with
a deviation (as shown), with respect to each corresponding plane. The results of maximum deviation are listed in Table A3 in the Appendix.
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The corner variation was 1.04 (±0.43)mm for the 3D-LAD method, compared to 2.53 (±1.13)mm for the conventional
method (p<0.001) from Table A1. The average of front angles of AB/BC/CD was 0.80° (±0.66°) for the 3D-LAD method
versus 2.10° (±1.83°) for the conventional method (p=0.001) from Table A2. Based on these two analyses, the 3D-LAD
method is significantly more accurate than the conventional method in terms of how accurately the surgeon was able to
draw osteotomy lines on the bone with respect to the desired preoperative plan.

Resection Accuracy
The resection errors are measured by the “maximum deviation” and “surgical error margin” as defined in the Appendix.
From Table A3, the maximum deviations along the AB/BC/CD line segments are 1.67/1.43/3.99 (mm), respectively, for
the 3D-LAD method, as compared to 4.01/3.13/5.79 (mm) for the conventional method. The average maximum deviation
of the 3D-LAD method was 2.69mm, better than 3.75 mm for the conventional method (p=0.003). It appears that line CD
is more prone to deviation. If only AB/BC are considered, the average maximum deviation of the 3D-LAD method was
1.55mm, much better than the 3.57 mm for the conventional method. The “surgical error margin” was 4mm for the 3D-
LAD method and 6mm for the conventional method from Table A4. That is, when planning osteotomy path using the 3D-
LAD method, only 4mm of error margin needs to be included.

Discussion
In orthopedic oncologic surgery, accuracy of wide-resections is critical to patient survival and functional outcome.
Under-resection could lead to local recurrence and increased mortality,15 whereas over-resection could compromise
important anatomic structures, such as the articular surface, necessitating more complex, and less durable,
reconstructions.7,11 In this study, we demonstrated that the 3D Light Assisted Drawing (3D-LAD) technique - utilizing
a 3D scanner with patterned light projection and marking pen drawings on the bone - was more accurate and precise than
the conventional method in enabling the surgeon to draw planned resection lines onto the bone. In terms of the actual
bone cuts, the 3D-LAD method showed improved accuracy in the near surface of the cut (where the osteotomy lines were
drawn), although this accuracy was lost at the back surface (where no osteotomy lines were drawn).

Although there are various tools that have recently been introduced in orthopedic oncology to help the surgeon redraw
osteotomy lines on the bone, the 3D-LAD method does have some advantages and disadvantages with respect to these
other tools. Standard computer navigation is a recently introduced technology that allows the surgeon to place a probe on
the bone and see where the probe is with respect to preoperative imaging; this is an effective tool to help the surgeon
reproduce/redraw their preoperative plan on the patient’s bone at the time of surgery.3 However, such technology is very
expensive (and therefore only available at some institutions) and requires bulky machinery that must be introduced into
the operating room setting. Furthermore, the registration process required for computer navigation also has limitations.
For example, the “paired-point” registration technique is commonly used, which can be both laborious and inaccurate
since it requires one-by-one point registration for the surgeon in the operating room.16 Alternatively, computer navigation
registration can be done via intraoperative CT-type methods,17 but these technologies add even vast more expense, are
also very bulky, and require the use of potentially harmful intraoperative X-ray radiation. The 3D-LAD method is based

Table 1 Summary of Errors Between the Conventional and 3D-LAD Methods for Comparison

Measure of Errors Conventional Method 3D-LAD Method p-value

Corner deviation (navigation) 2.53mm 1.04mm <0.001

Front angle (navigation) 2.1° 0.8° 0.001

Maximum deviation, AB/BC/CD (resection) 4.01/3.13/5.79 (mm) 1.67/1.43/3.99 (mm) -

Average maximum deviation (resection) 3.75mm 2.69mm 0.003

Surgical error margin (resection) 6mm 4mm -
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on a light projector-scanner and surgeon drawing with a marking pen, and is therefore comparatively less expensive,
smaller, more intuitive, and produces no harmful X-ray radiation, while still maintaining or improving accuracy and less
intraoperative labor compared to the paired-point method since it can capture thousands of data points in a single scan.

Customized 3D-printed cutting jigs is another powerful technology that can help the surgeon understand and
reproduce their preoperative plan at surgery. In fact, unlike computer navigation or the 3D-LAD method, such technology
can serve a dual purpose: just like computer navigation or the 3D-LAD method, it can help the surgeon orient themself to
the bone (and therefore in principle redraw the osteotomy lines before cutting, as in this current study), and it can also
constrain the saw and allow for an accurate final resection in all planes, which is not done by either the 3D-LAD method
or computer navigation. However, customized 3D-printed jigs have a long fabrication time (typically on the order of
weeks18). Furthermore, although the individual cost of a jig for one patient is much less than the overall equipment cost
for computer navigation, each jig itself can only be used for one case (with reported costs of OR-ready jig around
$40,000) and then discarded, which can accrue cumulated costs in the long run. In contrast, the 3D-LAD method uses
hardware that is much cheaper than computer navigation/intraoperative CT registration systems, does not require any
long fabrication lead time, and can in principle be reused indefinitely.

In this study, there was a notable improvement in the ability of the surgeon to redraw the preoperative osteotomy path
on the bone compared to the conventional manual method. Specifically, the 3D-LAD method provides improved
resection accuracy at the near surface of the bone cut (where the sawblade cut starts). This does make sense in terms
of what the 3D-LAD method actually does – which is to help redraw the osteotomy lines on the near surface of the
resection. While the 3D-LAD method offers the surgeon useful information about where to position their sawblade on the
bone at the start of the cut, it offers no information to the surgeon about the angle at which the surgeon is supposed to
hold the sawblade. Future research can explore methods to control/restrain the angle of the sawblade, as provided by
a cutting jig. Our group is currently working on such improvements.

The 3D-LAD method can potentially also be applicable outside the realm of tumor surgery. Accurate reproduction of
a preoperative plan is also needed in limb deformity correction. For example, in the setting of distal femur malunion,
a precisely performend corrective osteotomy is needed based on the specific patient’s pattern of deformity since an
incorrect three-dimensional correction of the distal femur can cause undesirable mechanical axis deviation.19 These
patients often receive a CT scan for preoperative planning. In this context, the 3D-LAD method could produce more
accurate intraoperative osteotomy lines and consequently improved alignment correction. Furthermore, the 3D-LAD
method can be used to increase accuracy of either the resection step or the implant placement step of in megaprosthesis,
whether it is used for oncology20 or traumatology.21

This study has several limitations. First, we performed our study on sawbones model in a laboratory setting. This
study therefore serves as a proof of concept but might not fully consider some of the variables of the operating room. For
example, the 3D-LAD method relies on the surgeon being able to draw clear X’s on bone. In vivo, it is often difficult to
draw clear X’s on bone with marker or electrocautery, especially in a most surgical environment. In addition, although all
attempts were made to make sure the exposures and visualization required were actually feasible in OR, obstacles such as
soft tissues, blood, and surgical retractors could limit the line-of-sight needed for this method. Clearly, further studies in
cadavers with soft tissues and ultimately patients are required to truly validate this technique. Second, all the resections in
our study were performed by a single third year orthopedic resident. The resection error may have been minimized if
resections were performed by a surgeon more experienced with freehand osteotomy cuts, such as a fellowship-trained
orthopedic oncologist. Third, when speaking of error on the order of millimeters, the effect of the sawblade kerf,
thickness of the cut, cannot be ignored. In our study we used a 1.27mm thick sawblade and the kerf is likely thicker.
Fourth, we assumed a completely intra-osseus tumor in our study, such that bone surface could be 3D scanned and
registered without issue. For tumors that breach the cortex, the surgeon must expose additional uninvolved bone for
accurate registration. Finally, we did not measure the total time required for bone scanning and registration so that it can
be compared to registration using the paired-point technique or using intra-operative CT scan.

Although we focused mainly on the experimental study of distal femur model, other anatomic sites and surgical
treatment may also benefit from the 3D-LAD method presented in this paper. Further studies with possible modifications
of the method can be considered.
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Conclusion
In summary, we have developed a novel 3D-LAD technology using 3D scanning technology with visual light pattern.
The novel method offers some advantages compared to various existing technologies and is shown to improve the
accuracy in reproducing the preoperative plan, based on the results of the experimental study using femur sawbones. We
also demonstrated that the 3D-LAD method can effectively assist surgeons to accurately reproduce the preoperative
osteotomy resection lines in wide resection of a primary bone sarcoma compared to traditional methods using 18
sawbones. Further study, such as cadaver and clinical experiments, are warranted, as well as extension of the technique to
other bones.
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