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3D-Printed Guides in Bone Tumor Resection:
Studying Their Error and Determining a Safety
Margin for Surgery

VAMIQ M. MUSTAHSAN, MS; CARLOS G. HELGUERO, PHD; GUANGYU HE, MS; DAVID E. KOMATSU, PHD;
DEREK HANSEN, MD; SRINIVAS PENTYALA, PHD; IMIN KAO, PHD; FAZEL KHAN, MD

3D-printed guides, which have recently been introduced in orthopedic on-
cology, improve resection accuracy compared with traditional bone resection
methods, but there are inaccuracies associated with them. These inaccuracies
could lead to disastrous outcomes such as positive tumor resection margins.
In this Sawbone study, we sought to quantitatively investigate the margin of
error for various jig types and to determine a “safety margin” that could serve
as a guide for surgeons and jig engineers in creating 3D-printed jigs that would
reduce the risk of potential disastrous results such as positive margins. Various
3D-printed jigs were used to simulate wide resection of a distal femoral bone
sarcoma on Sawbone specimens by 10 individuals with no specific prior ex-
pertise in cutting guides. We developed a mathematical model using kinematic
theory. We defined a safety margin as the amount of change in the osteotomy
lines that must be incorporated into the jig design to ensure that the surgeon
is at least 98% likely not to have a positive tumor margin. Experiments were
conducted to determine the mean deviation experienced in placing cutting
guides on the bones. The mean deviation for the four types of cutting guides
ranged from 2.86 mm to 6.54 mm. We determined that a jig design should
have a safety margin of 4.8 mm for standard guides and 8.65 mm for gusset
guides to minimize the possibility of cutting into the tumor as a result of human
error in guide placement. Further studies involving cadavers and patients are
warranted. [Orthopedics. 2022;45(3):169-173.]

he surgical treatment of bone tu-
mors using computer-generated
cutting guides has been shown to
be more accurate than traditional free-
hand resections.!> However, previous
studies by our group have shown that
there are certain finite errors in resection
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accuracy associated with this technique.’
Our previous data suggest that the major-
ity of the cutting errors that are present
with 3D-printed jigs are related to human
error when the surgeon positions the jig
on the bone.* Although the jigs are de-
signed to fit in only one configuration on

the bone, there is always some practical
ambiguity on the part of the surgeon re-
garding where exactly to place the jig.>®
As a result, the preoperative resection
plan is not reproduced exactly as desired
at the time of the procedure.”® This could
potentially lead to positive margins during
surgery for cancer, which can have devas-
tating local and systemic oncologic conse-
quences. Additionally, if a custom implant
is designed preoperatively to fit into the
expected skeletal defect left after a bone
tumor resection, such errors could lead
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Table 1
Terminology Used in

Kinematic Anatomical
terminology terminology

XY plane Coronal plane
YZ plane Transverse plane
ZX plane Sagittal plane

X axis (X,) Longitudinal axis
Y axis (Y,) Frontal axis

Z axis (Z,) Sagittal axis

to improper fit of the implant, potentially
rendering it useless.

Accuracy when performing a guided
resection has been found to depend on
preoperative and in vivo factors. The pre-
operative factors include the error accumu-
lated in conversion from DICOM images
of a computed tomography (CT) scan to
a NURBS-based 3D CAD model; and the
resolution of the 3D printer, which affects
the fabrication of the cutting guide that
is required to perfectly match the surface
topology of the bone. The in vivo factors
include the soft tissue on the bone during
surgery, which affects guide placement;
and the surgeon’s guide placement and saw
orientation while performing the resection.

It is essential that we study the extent
of the cumulative effects of these factors
on guided resection and improve overall
accuracy. In this article, we describe de-
velopment of a kinematic model of the
resection procedure that enables us to
mathematically quantify the error in jig
placement by calculating the deviation
from the preoperative path in surgery.
This allows empirical determination of
the maximum error that should be incor-
porated as a margin of safety in the design
of the cutting guide.

MATERIALS AND METHODS
Kinematic Modeling

We developed a mathematical model
that will be used to determine the devia-
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tion of path based on the relative position-
ing of the bone and the cutting guide. We
defined two coordinate frames, frame {B}
and frame {J}, which are fixed to the bone
and cutting guide, respectively [Figure
A(a), available in the online version of the
article]. Both frames are defined with re-
spect to a global inertial reference frame
{O}, with the origins defined as displace-
ment vectors IT; and 17; respectively, in
frame {O}, for the bone and guide. Table 1
describes the global coordinate frame {O}
in anatomical terms.

Any point in this model can be repre-
sented as a position vector ﬁand ﬁwith
respect to frame {J} and { B}, respectively
[Figure A(b)]. The relationship between
these two vectors is expressed as,”'0

— —
rj:B]H r, (D

where B] H is a 4x4 transformation ma-
trix expressed as,

Ju=[ iR Py @
000 1

where the vector [Tl;. is the displacement
of origin of frame {J} with respect to frame
{B} representing translations (Ax, Ay, Az)
of the guide and the rotation matrix, BJ R,
represents the rotations of frame {J} with
respect to frame {B} representing roll (),
pitch (B), and yaw (y) (Figure B, available
in the online version of the article).

Using /H, we can mathematically track
the deviation of every point on the cutting
path from its ideal position on the bone
based on the change in guide placement.’

Design and Positioning of the Cutting Guide

The cutting guide was designed using
major anatomical landmarks on the bone.
One such feature is the curve formed by
the superior ridge of the medial femoral ar-
ticular surface, C,,. The projection of C,on
the cutting guide is C [Figure C(a) and
Figure C(c), available in the online ver-
sion of the article]. Another feature is the
surface topology of the bone itself, which
was copied on the underside of the guide

to provide more stability in the placement
process. During surgery, the superior ridge
was exposed and bone landmarks were
aligned with ones found on the guide (Fig-
ure C).* When the surgeon was confident
in the placement, the guide was fixed into
position using three Steinmann pins.

Determination of Safety Margin for
Preoperative Path

Considering the tumor to be an ellipsoid
volume [Figure D(a), available in the online
version of the article], we outline a cutting
path ABCD on the outer boundary of the el-
lipsoid tumor as the ideal path on the bone.
Based on ABCD, we designed the cutting
path AB'C'D’ on the jig [Figure C(a) and
Figure C(b)]. However, in the operating
room, when positioning of the cutting guide
is not perfect because of factors described
earlier, the path A'B'C'D' deviates from
ABCD. Even a small deviation from the
ideal resection path may cause the surgeon
to cut through the tumor margin, which can
be catastrophic. To prevent this, we define a
margin of safety that will be used in preop-
erative planning so that small deviations do
not lead to medical complications.

To determine the safety margin, we
find the maximum rotational error along
all three axes (ie, roll, pitch, and yaw) and
also the maximum translational error when
positioning the jig. Using this relationship,
4 H from equation 1, we track the position
of every point in the cutting path designed
on the guide with respect to the ideal path
traced on the bone. We express this devia-
tion in the cutting path resulting from in-
correct positioning of the guide as position-
ing error of the guide (e). The derivation
and calculation of the positioning error is
explained in detail in Table A (available in
the online version of the article).

Because the surgeon performs resection
by moving the saw along the sagittal (Z)
axis (because A'B'C'D’is on the coronal
[XY] plane), we calculate the magnitude of
largest error vector projection of €on the
coronal plane empirically. A new cutting
path FGHI extended by a safety margin of
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(e) from A'B'C'D'is constructed as the de-
sired cutting path [Figure D(b)]. This new
preoperative path will significantly reduce
the possibility of positive margins.

Empirically Determining the Safety Margin

Based on the kinematic model of the jig
placement, we empirically determined the
mean deviation in all 6 degrees of freedom
(0, B, v, AX, Ay, and Az) of the cutting guide.
Because we are dealing with high-risk sur-
geries that may lead to metastasis or death,
we define the margin to be the mean value of
deviation and two standard deviations of the
empirical values obtained so that the surgeon
is 98% likely not to cut into the tumor.

Fabrication of Cutting Guides

We converted the CT scan DICOM im-
ages of femur bones (Sawbones) into a 3D
CAD model of the bone using the 3D con-
version process described by Helguero et
al.* Extracting the surface of the bone and
assuming a 10x10x25-mm ellipsoid to be
the tumor, we designed the cutting path [Fig-
ure D(a)]. Four types of cutting guides were
designed and fabricated using a Cubify 2nd
Generation Cube 3D (3D Systems) printer
(Figure E, available in the online version of
the article), with each one having unique fea-
tures enabling it to be better suited for differ-
ent cases of resection. The four types of cut-
ting guides were as follows: (1) standard—a
guide with no extra features, similar to the
guides used in our earlier experiments*; (2)
standard with gusset—the standard guide
with a gusset feature at the top as an add-
ed constraint; (3) surface with distributed
spikes—the guide with multiple miniature
spikes randomly distributed throughout its
surface that penetrate the soft tissue and
touch the bone surface (the concatenation of
all of the tips forms the bone surface); and
(4) surface with distributed spikes and gus-
set—the standard guide including spikes on
the surface and a gusset.

Positioning Study

Ten different surgeons or trainees with
no previous training on guide positioning
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were asked to place the four types of guides
over the femur bone surface under the fol-
lowing two conditions: (1) a clean and
smooth surface and (2) a simulated tissue-
covered surface.

These two conditions help us in deter-
mining the effect of soft tissue in guide
placement. Soft tissue is simulated by ran-
domly covering the surface of Sawbones
with modeling clay. After positioning, the
setup was CT scanned to quantify the rela-
tive position of the guide with respect to the
Sawbone femur.

Quantifying Degrees of Freedom
Quantify rotations (a, f, y)

Each experiment was analyzed using
CT scans to accurately calculate the rela-
tive rotation of the cutting guide with re-
spect to the surface of the bone. The coor-
dinate axis for the bone, frame {B}, was
defined with the help of anatomical land-
marks on the Sawbone; these landmarks
also act as a fixed reference while calcu-
lating the orientation of the cutting guide.
The plane formed by the three points P1,
P2, and P3, which are centers of fiducial
pins in the CAD solid model on the cut-
ting guide, and the direction of normal to
this plane at the centroid of the triangle
formed by P1, P2, and P3 (1?1) were used
to define frame {J} (Figure F, available in
the online version of the article). Angles o
and  were obtained by projecting the vec-
tor l_ﬁ, normal to the defined plane, onto the
transverse (YZ) and sagittal (ZX) planes
of frame {B}, respectively. The angle be-
tween the axial cutting slot in the coronal
(XY) plane of frame {B} was used to cal-
culate y [Figure F(a-d)].

Quantify translation errors about the X, Y,
and Z axes (Ax, Ay, and Az)

Coordinates of the centroid of this trian-
gle formed by the centers of fiducial holes
(P1, P2, and P3) were considered as the ori-
gin of frame {J} [Figure F(e)]. The change
in position of the centroid from the ideal
location was considered as the translation
error in the coronal (XY) plane. During
positioning, the surgeon presses the cutting
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guide against the bone surface along the
negative Z direction (sagittal axis) [Figure
F()]. Therefore, part of the cutting guide
is in contact with the bone surface and the
rest is displaced due to randomly distrib-
uted soft tissue, resulting mainly in pitch
displacement. In addition, because the saw
movement is in the negative Z direction,
the Z translation of the guide does not play
a significant role in the deviation of resec-
tion path.

RESULTS

The means and standard deviations
of roll (a), pitch (B), and yaw (y) in each
experiment were obtained. Table 2 lists
the rotation errors of the cutting guide
for smooth bone and tissue-covered bone.
These results indicate that the magnitude
of rotation error does not exceed a mean
of 5° in all cases.

Table 3 lists the translation errors
along the longitudinal (X) axis and the
frontal (Y) axis on smooth bone and tis-
sue-covered bone, respectively. We con-
sider the Z translation error to be 0 mm in
the case of smooth bone and 1 mm in the
case of tissue-covered bone.

Applying the Kinematic Model to
Calculate Errors for a Wide Resection of
Osteosarcoma

As explained earlier, we designed a
cutting path as shown in Figure D. We
selected 8 corner points on the preop-
erative resection path on the upper side
and the lower side of the bone. With the
measured values of a, B, y, Ax, Ay, and
Az from the experiments, we calculated
the errors of deviation of cutting path
(a for each type of guide (Table 4). We
finally can determine the safety margin
for every type of guide by calculating the
maximum error (EB, defined earlier.

DISCUSSION

Based on the kinematic model, we
have performed experiments to quantify
the translation and rotation errors of vari-
ous types of guides. Our results indicate
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Table 2

Errors in Rotation After Positioning the Cutting Guides on the Smooth Surface and Tissue-Covered

Surface of Bone

Smooth surface of bone, mean+SD

Tissue-covered surface of bone, mean+SD

mean+SD, mm

Errors in Translation After Positioning the Cutting Guides on the

Smooth Surface and Tissue-Covered Surface of Bone

Smooth surface of bone,

Tissue-covered surface of
bone, mean+SD, mm

Cutting guide Longitudinal axis Frontal axis Longitudinal axis Frontal axis

Standard -1.55+0.96 -1.41+1.54 -1.62+0.96 -2.78+2.45

Gusset -0.45+1.78 0.76x1.16 -0.56+2.78 0.89+1.89

Spike -1.15%1.77 1.34+1.25 -1.18+1.77 1.04+0.87

Spike and gusset  -0.73+2.62 2.36+2.97 -0.75+2.62 2.06+0.99
Table 4

Displacement of the Extreme Points on the Preoperative Path
and Corresponding Safety Margin

Tissue-covered surface

Smooth surface of bone of bone
Safety Safety

Mean=SD, margin, Mean=SD, margin,  Pearson
Cutting guide ~ mm mm mm mm correlation
Standard 2.75+1.40 5.55 2.86+1.87 6.60 0.984
Gusset 5.02+2.07 9.16 6.54+2.11 10.76 0.972
Spike 5.36+2.01 9.38 4.34+1.71 7.76 0.999
Spike and 7.10+1.26 9.62 4.85+1.08 7.01 0.981
gusset

that the maximum angle of deviation was
less than 5° in all cases and translation er-
ror was less than 3 mm (Table 3).

The mean deviations in the cutting
path obtained for each of these guides and
their corresponding safety margin (e) for
customized wide resection are presented
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in Table 4. The safety margin depends on
the tissue on the bone surface and the type
of jig and ranges from 5.55 mm to 10.76
mm.

Comparing the errors on a smooth
surface with those on a tissue-covered
surface, we found a consistent increase in

Cutting guide Roll Pitch Yaw Roll Pitch Yaw
Standard -2.78°+1.35° -1.39°£1.92° -3.45°+2.26° -1.31°£3.20° -1.60°£1.57° -4.12°+2.34°
Gusset -4.45°+1.85° 1.26°+£2.16° -4.26°+0.63° -3.06°+1.47° 1.67°£1.26° -4.55°+0.62°
Spike -2.45°+1.49° 3.27°+1.81° -3.34°+1.5° -1.90°£2.06° 3.42°£1.76° -2.21°£1.84°
Spike and gusset -2.30°%1.75° 2.09°+1.24° -1.89°+1.05° -2.32°£1.83° 1.38°+1.67° -1.69°+1.37°
mean errors for the guides with no spikes
e (2.75 mm to 2.86 mm without gusset and

5.02 mm to 6.45 mm with gusset) and a
consistent decrease in mean errors for the
guides with spikes (5.36 mm to 4.34 mm
without gusset and 7.10 mm to 4.85 mm
with gusset) (Table 4). For the two guides
without spikes, we observed reduced con-
tact with the bone when there was ran-
domly distributed tissue compared with
guides with spikes, because the spikes
pierce through the tissue and conform
better to the surface of the bone. This in-
dicates that the randomly distributed soft
tissue is a key factor in human error in
guide placement. Therefore, in cases with
more soft tissue, the guide with spikes
may be more desirable.

Although gussets have shown higher
mean positioning error (6.54 mm) com-
pared with standard guides (2.86 mm),
there are some cases in which adding a
gusset may be desirable. For example, if
some part of the soft tissue is compro-
mised because of the tumor, a guide with
a gusset could be used without touching
the soft tissue.

There were several limitations to this
study. The use of Sawbones and modeling
clay to simulate bone and soft tissue can-
not completely reproduce the exact envi-
ronment of surgery, where skin, muscles,
blood, and other factors influence expo-
sure and visibility. Another limitation was
that we only considered one type of bone
region with a similar type of cut. In light
of this, we developed four guides of vary-
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ing design to test the positioning. Other
designs of cutting guides may be used for
different cuts at different locations. An-
other limitation of this study was that the
surgeons had varying levels of training to
place the guides. Surgeons with prior ex-
perience placing guides, as well as strictly
attending-level surgeons, may have dem-
onstrated improved accuracy and preci-
sion. Furthermore, when customized jigs
are currently used in orthopedic oncology
procedures, surgeons are sometimes given
a see-through acrylic model with etched
laser lines that allows them to “practice”
placing the jig in the correct position prior
to surgery.!" This did not happen in this
study, potentially influencing the results.
The results of this study may reflect more
of a worst-case scenario than true means
of cutting jig errors in orthopedic oncol-
ogy surgeries.

CONCLUSION
The safety margin that we obtained was
calculated such that a surgeon is 98% likely
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not to have positive margins in resection.
The incorporation of safety margin in jig
design can help the surgeon maintain higher
confidence in jig placement during surgery.
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(b)

Figure A: (a) Kinematic representation of the setup. The bone and cutting guide (jig) being represented as local coordinate frames ({B} & {J}) defined
in relationship with a global coordinate frame {0}; (b) The bone reference frame {B} and guide reference frame {J} are representing the same point by

their respective position vectors l'j and I'b.
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Figure B: Cutting guide as a rigid body, having 6 degrees of freedom in the space; including three translations in the X, Y, and Z directions and three rotations of
roll, yaw, and pitch.



(c)

Figure C: (a) Determination of initial cutting path ABCD for wide resection based on the outer boundary of the tumor and tracing the curve CB on the superior
ridge. (b) Design of the cutting guide by copying the curve C, onto the guide as C ;along with the cutting path A’B°C"D". (c) Ideal placement of the cutting
path such that C, and C, align perfectly.
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Figure D: (a) Tumor simulated as an ellipsoid and the cutting path ABCD designed based on the tumor boundary. (b) New cutting path FGHI designed con-
sidering the safety margin (e) possible due to improper positioning.



Table A. Positioning error
If ¥, is the vector that defines the position of a point on the resection path with respect to frame
{J}, and 1, is the same point expressed with respect to frame {B}, we can write

Xj
=) —H ®

1

Any point on the rigid body can be represented as a position vector ¥; and r,, with
respect to frame {J} and {B}, respectively. From equation 1 and 2, these two vectors are related
by a 4 x 4 transformation matrix JH.
= jH T, @)

or

Vi _ |sacB sasBsy+cacy sasBcy—casy Ay

Zj —sp cf sy cf C)/

Xj cacf casBsy—sacy casfcy+sasy Ax“
1 0 0

xpcacP + y,(casfsy — sacy) + z,(casBcy + sasy) + Ax
_ |xpsacp + y,(saspsy + cacy) + zp(sasPcy — casy) + Ay ©)
—xp S+ ypcfsy+zycfcy +Az
1

where (Ax, Ay, Az) are the displacement of origin of frame {J} with respect to frame {B} and roll
(a), pitch (B), and yaw (y), represents the rotations of frame {J} with respect to frame {B}.
Using equation 5, we can mathematically track the deviation of every point on the cutting path
from its ideal position on the bone to its corresponding point on the cutting guide based on the
change in position of the guide. The error in positioning (e) is calculated as the scalar
displacement of the ideal cutting path the bone from the path designed on the guide.

e =[€l = |f; — Fy|



For example,
If frame {J} has a roll of 30 degrees (a)and pitch of 60 degrees () and is translated 5 units in Zp
(Ax). If the point represented by the position vector ¥, = [1 1 0]T in frame {B}. If I is the

position vector of the same point from frame {J}, then using equations 1 & 5 we have,

0.433 —-0.250 0.750 0.000

JH = 0.250 0.866 0.433 0.000 (6)
B —0.866 0.000 0.500 5.000
0 0 0 1
1.0 0.18
f = JH T = 30|50l = 473 @)
1.0 1.0

The error vector € is the difference between the two vector ¥; and r,,, expressed as,

0.18) [1.0] [—0.82 ®)
[1 15‘ [1.0] _ [ 0.12
413 |0.0| ~ [4.134

1.0

The scalar error, e, is defined as the magnitude of the vector

ol
Il
o 14

e =€ =4.21mm 9)



Figure E: Different types of guides used in positioning experiment (a) standard with no features, (b) standard with a gusset, (c) surface with distributed spikes,
and (d) surface with distributed spikes and gusset.
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Figure F: (a) Calculating rotations of cutting guide after positioning by defining a plane as a reference using three fiducial points: P1, P2, and P3 from the top
surface of cutting guide; (b, ¢, & d) calculation of angles of roll (a), pitch (), and yaw (y); (e) Calculating the X and Y translations of the cutting guide before and
after the placement of guide on surface of the bone, using CT-scans and Steinmann pin holes and (f) Translation of cutting guide along the Z axis, surgeon presses
the guide on the surface of the bone prior to the resection.
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