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Abstract Purpose During a standard fracture reduc-
tion and fixation procedure of the distal radius, only
fluoroscopic images are available for planning of the
screw placement and monitoring of the drill bit tra-
jectory. Our prototype intra-operative framework inte-
grates planning and drill guidance for a simplified and
improved planning transfer.

Methods Guidance information is extracted using a
video-camera mounted onto a surgical drill. Real-time
feedback of the drill-bit position is provided using an
augmented view of the planning X-rays. We evaluate
the accuracy of the placed screws on plastic bones, and
on healthy and fractured forearm specimens. We also
investigate the difference in accuracy between guided
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screw-placement versus freehand. Moreover, the accu-
racy of the real-time position feedback of the drill bit
is evaluated.

Results A total of 166 screws were placed. On
37 plastic bones, our obtained accuracy was 1.01 =+
0.56 mm, 3.74 £+ 4.39° and 1.70 4 1.35° in tip position
and orientation (azimuth and elevation) respectively.
On the 3 healthy forearm specimens, our obtained ac-
curacy was 1.63 £ 0.91mm, 5.85 + 4.93° and 3.48 +
3.07°. On the 2 fractured specimens, we attained: 1.39
+ 0.47mm, 2.93 + 1.83° and 2.14 £+ 1.84°. When screw
plans were applied freehand (without our guidance sys-
tem) the achieved accuracy was 1.73 £+ 0.82mm, 6.01 &
4.94°, 3.52 + 2.48°, while when they were transferred
under guidance we obtained: 0.89 £+ 0.37mm, 2.85 +
2.57°,1.49 £ 1.17°.

Conclusions Our results show that our framework is
expected to increase the accuracy in screw positioning
and to improve robustness w.r.t. freehand placement.

Keywords Intra-operative Planning - Intra-operative
Guidance - Othopedic Surgery - Trauma Surgery

1 Introduction

Fractures to the distal radius account for up to 15%
of all the extremity fractures. According to McKay et
al. [22], the number of complications can range from 6%
to 80%. The treatment of distal radius fractures com-
monly involves an open reduction and internal fixation
(ORIF) surgery [29]. The steps of a standard ORIF are
summarized in Fig. 1. First, the fracture is exposed and
reduced, i.e. the bone fragments are re-aligned. Dur-
ing internal fixation, a fixation plate is fixed onto the
bone shaft using one or two cortical screws at the prox-
imal side of the plate. The correct plate positioning is
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usually confirmed using X-ray images before the cor-
tical screws are finally tightened. Afterwards, the fix-
ation screws are inserted. The direction and length of
each screw are determined using X-ray images acquired
intra-operatively. The depth of the insertion hole can be
measured using a standard depth gauge. After a screw is
inserted, X-ray images are typically acquired to confirm
its correct placement. When all the fixation screws are
in place, confirmation X-ray images may be required.
An overview of the treatment of distal radius fracture
by means of ORIF can be found in [10, 26, 29]. Even
though ORIF is a widely used procedure, it is still quite
challenging to estimate the length and the position of
the fixation screws under fluoroscopic control.

Several studies report that the irregular anatomy of
the distal radius leads to unrecognized cortical perfora-
tion by screw tips, independently of the art of locking
plating: dorsal, palmar, or volar [2,30]. Sugun et al. [30]
reported a screw prominence rate of 25.65%, ranging
from 0.5 to 6.1 mm. Depending on the type of the
employed view (lateral, anterior-posterior, supinated,
pronated, etc.) protrusions ranging from 3 to 6.5mm
on average must occur before they can be detected. It
was also suggested that screw prominence greater than
1.5 mm is likely to cause problems [30]. Aurora et al. re-
ported that 9% of all complications are related to pro-
truding screws [2], like tendon rupture or plunging the
drill bit into undesired soft-tissue structures [12]. Typi-
cally, revision surgery and implant removal are advised
at the first sign of tendon irritation. Post-operatively,
the severity of the complications associated with promi-
nent screws is known. An additional critical aspect is
the damage caused by perforation of the articular com-
partments by the drill bit, while preparing the screw
hole. In an extensive study conducted on cadaver fore-
arms, Pichler et al. [25] reported a 43% incidence of
drill bit violation of the third extensor compartment.

This leads to: 1) a trial-and-error process during
the surgery for correct drilling and screw positioning;
and 2) empty drill traces injuring soft tissue compart-
ments [1]. Hence, clinical practice advocates for bet-
ter intra-operative position control. Researchers con-
tinue investigating guidance techniques for orthopedic
and trauma procedures. Although the use of naviga-
tion solutions can increase the procedure time, or in-
volve a learning curve, such systems increase accuracy
and reduce inter-user variability [11]. Commercial so-
lutions like Vector Vision (Brain Lab) make use of in-
frared stereo-cameras and related markers. Two more
recently proposed approaches [6,13] are based on the
use of robotics or of an augmented mobile C-arm. All
these initiatives involve additional dedicated hardware
inside the operating room. In the same spirit, Egli et
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Fig. 1 Standard ORIF’s workflow at the distal radius.
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Fig. 2 Proposed workflow for an ORIF procedure at the dis-
tal radius. The procedure steps, at which our UPG framework
explicitly supports the surgeon are marked in red.

al. [7] presented an intra-operative planning approach,
i.e. the planning of the screw length and orientation is
done directly in the operative room and not before. This
technique was clinically evaluated by Vetter et al. [32]
and Franke et al. [9]. However, its focus was solely on
the intra-operative planning, leaving the task of apply-
ing the screw plan to the surgeon without further sup-
port. A combination of intra-operative planning and
guidance would help reduce the screw placement errors
and the number of cycles for each screw, including con-
firmation of the drilling trajectory, depth measurement,
screw insertion and confirmation of the final position.
We present a Unified-Planning-and-Guidance
(UPG) framework for fracture reduction and fixation
applied to distal radius surgery. Our framework (see
Fig. 2) introduces minimal alterations into the stan-
dard clinical workflow. After the plate has been fixed
onto the bone shaft, our UPG scheme supports the
physician in deciding the screw length and orientation
through an augmented view of the implant plate onto
intra-operative X-rays. The core of our system is the
translation of the planning in local screw plans. A
local screw plan is a plan for a screw’s length and
orientation expressed in the local coordinate system of
the corresponding screw hole. The current instrument
position and its offset from the planned trajectory
are visualized w.r.t. the implant plate and the patient
anatomy. Guidance during drilling is provided solely
by a combination of local markers observed by a
camera mounted on the surgical drill. Our guidance:
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1) provides real-time feedback of the tip position
and of the orientation of the drill bit; 2) does not
entail radiation exposure; and 3) does not constrain
the movement of the medical personnel around the
operating table.

This paper is an extension of the work presented
in [18]. Novel contributions include: 1) the presentation
of the design of the user interface of our guidance mod-
ule; 2) the description of the developed algorithms for
marker design and detection; 3) preliminary testing per-
formed on fractured forearm specimens (AO A2 type);
4) evaluation of the accuracy of the real-time feedback
of the position of the drill bit during the procedure us-
ing our custom-made marker reference; 5) investigation
of the difference in screw-placement accuracy through
our framework, compared to freehand drilling.

This paper is organized as follows: we first describe
the hardware components of our design, and present our
marker design and the algorithms developed for marker
detection. Afterwards, we provide a detailed description
of our modules for intra-operative planning and guid-
ance. We then present our experimental setup, followed
by the obtained results and relative discussion.

2 Methods

Pre-operatively an assessment of the fracture is per-
formed. The status of the soft tissue is assessed and
the injury is examined using X-rays radiographies. Dis-
placed fragments, fracture extent, articulation involve-
ment and quality of the bone are evaluated. The frac-
ture is then classified (using e.g. the AO classification),
which helps decision-making for the type of treatment.
The surgeon may also decide to acquire radiographs of
the uninjured forearm for comparison. Depending on
the patient’s and injury’s conditions, the surgery may
be performed right after injury or 5 to 6 days later [10].

Intra-operatively our UPG framework for fracture
reduction supports the surgeon both during the plan-
ning of the fixation screws and during the planning
transfer, i.e. while drilling for the preparation of the pi-
lot hole according to the planned trajectory. After the
repositioning of the fracture, the surgeon is asked to ac-
quire two X-ray images: a lateral image, Iy o, and an
anterior-posterior image, Iap (1°* red box in Fig. 2). Ac-
cording to the standard clinical workflow, at this stage
the implant is fixed to the shaft of the radius, by means
of one or more cortical screws. An automatic 2D /3D
gradient-based registration [7] allows the registration of
the model of the implant plate to IpaT and Iap. After
the registration, the plate is visualized on both X-ray
images (see Fig. 3). The resulting augmented view is
used by the physician to determine the number of the

Fig. 3 Example of an intra-operative plan, which was per-
formed on a plastic bone during our experiments.

fixation screws and their length (29 red box in Fig. 2).
The planned parameters are also visualized w.r.t. the
surface of a variable angle drill-sleeve. While drilling,
the drill sleeve is positioned onto the implant hole, for
which the insertion hole needs to be prepared. In the
work of Egli et al. [7], no further support was pro-
vided during the planning transfer, which was solely
performed freehand. Confirmation of the depth and di-
rection of drilling still required fluoroscopic images.

As we described in [18], we integrate our compact
guidance solution [16,17] with the planning module of
Egli et al. [7,9,32]. Our method provides real-time guid-
ance during screw positioning using minimal additional
instrumentation (3'¥ red box in Fig. 2). In comparison
to standard navigation solutions, we do not require the
fixation of any reference markers onto the patient. In-
stead, our UPG framework provides position feedback
by augmenting standard surgical instrumentation i.e.,
a surgical drill sleeve and the surgical drill, with optical
markers and a small video camera respectively. While
drilling, the markers are imaged by the video camera
rigidly fixed onto the drill. The position of the drill bit
w.r.t. the drill sleeve is then computed using the geo-
metric relations between the features of the markers,
which are detected in the camera images, and their re-
spective physical coordinates. The drill bit position can
then be expressed w.r.t. the implant plate. The regis-
tration of the implant plate allows us to visualize the tip
and the direction of the drill bit onto the X-ray images.

In the following subsections, we present for the first
time our revised marker design and the algorithms, for
detecting and identifying in real-time the markers in
the camera images. We also describe how we identify
and subsequently reject from further processing highly
blurred images, which are acquired during drilling.

2.1 Marker Design

In our application, space constraints strongly limit the
admissible number of markers onto the surgical drill
sleeve [16]. Our configuration consists of 3 non-coplanar
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(b)

Fig. 4 Our hardware design: (a) the drill guide with attached
markers and (b) the drill with the mounted camera.

markers (see Fig. 5(a)). In our current design, the
marker size is 8 x 8 mm. Each marker is overlayed onto
a white surface, for better contrast, resulting in a total
size of 12 x 12 mm. The marker base is 2 mm thick. We
found that this marker size was small enough not to
interfere with the stable positioning of the drill sleeve
onto the implant plate. The minimum bounding vol-
ume for our marker configuration is about 6.3 cm?. In
our previous work [16,17], we determined that square
and binary encoded markers perform best in our setup.
Unlike [17], we adopted redundant binary encoding to
increase the robustness of marker identification.

Extensive work can be found in the literature on
marker encoding, where not only the ID of the marker
is encoded, but also a redundant part [8,24,33]. This
allows for the detection of errors in the read-out of the
ID, as well as their correction up to a maximum num-
ber t. Remarkable performances, in terms of robustness,
have been reported by the AprilTag [24] system and the
incorporation of BCH (Bose-Chaudhuri-Hocquenghem)
codes [4] into ARToolKitPlus [33]. Due to the aforemen-
tioned physical space constraints, we are only interested
in a small number of markers. However, the code correc-
tion capability of BCH encoding is a valuable attribute.
In our marker design, the marker IDs are 5 bits encoded.
The ID is repeated three times inside the marker, two
times as a BCH code and once as clear 1D, i.e. with-
out any redundant part. The use of a 3-times repetition
scheme is a known technique in coding theory [23]. We
adopted the BCH(15,7,2) encoding scheme. The code-
word ¢(z) is 15 bits long: 7 bits for encoding the marker
ID and 8 for the redundant part, which is used for error
detection and correction. Five bits out of the 7 encode
our ID, while the remaining 2 bits are reserved and set
to “11”. Due to the low number of bits in our design,
we use a look-up table for faster decoding [3, 5,19, 34].
BCH codes can not recover from burst errors of more
than ¢ bits. If before the correction one or both reserved

Fig. 5 (a) The drill sleeve with our attached markers. Our
custom-made marker holder has an extension to rigidly fix
the Polaris markers, which were used for reference data mea-
surement. (b) The surgical drill used in our experiments.

bits are different from 11 and they do not get corrected,
we can not trust the correction we made.

2.2 Marker Detection

Our marker detection algorithm is designed to address
some of the issues related to our application, e.g. vary-
ing illumination and partial marker occlusion. Under
such conditions, edge-based algorithms are shown to
perform robustly [8,24]. Unlike our previous work [17],
which used image thresholding and corner detection, we
now base our algorithm on edge detection.

First, a Sobel operator is applied to estimate the
image gradient, G = (Gx, Gy). To simplify the detec-
tion of the marker boundaries, we first detect straight
edge segments and classify them in 4 classes according
to the direction of their G. We identify vertical, vy and
horizontal edges, vy: vy are then subdivided in Gy > 0,
labeled as “green” and Gy < 0 labeled as “blue”; vy
in Gy > 0, labeled as “red”, and G, < 0, labeled as
“purple” (see Alg 1). An example of color-coded edges
is shown in Fig. 6. Since our markers are designed with
a black interior and a white border, the vector G at the
borders always points away from the marker’s center.
The sequence of the edges at the marker boundaries is:
green, purple, blue and red. The search for each edge
type can be processed in parallel. A 16-bit ID is as-
signed to each edge segment (see Fig. 7). An ordered
64-bit ID is built for each candidate marker. Multiple
detections of the same candidate can be easily avoided,
rejecting quads whose ID already exist. The steps for
the quad formation are shown in Alg. 2.

Each marker has a unique pattern of white and black
subsquares. Identifying a marker is then equivalent to
identifying the marker ID (see Sec. 2.1), which is as-
sociated with the specific sequence of subsquares. A
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Fig. 6 The 4 type of edge classes are shown.

Lab, Lab, Lab, Lab,
A ——
I OO0 00010 - {OI00103 - {T11
\ N Y )\ Y )\ Y )

2" Segment 3" Segment ah's

1™ Segment

Fig. 7 The encoding of the 4 edge segments forming a can-
didate marker. Two bits encode the color label, Lab;, of the
class to which the segment belongs. The remaining 14 bits en-
code the unique ID of the segment inside its respective class.

threshold is calculated for each candidate marker by
averaging the pixels’ intensities at its border. Then the
inner region is thresholded. Each subsquare is assigned
the value 1 or 0. Hence, a binary sequence is read-out
and the candidate ID is extracted. The corner locations
of all the valid markers are then used to recover the po-
sition of the drill bit using the algorithm of Lu et al. [15]
or the algorithm of Schweighofer et al. [28] if just one
marker is detected as in [33].

2.3 Identification of Highly Blurred Images

In our previous work [17], we observed that when the
drill bit perforates the bone or hits the drill sleeve, the
acquired images are heavily blurred. As in [18], to avoid
processing such images, we use a blur measure to iden-
tify and reject this type of images.

We used a no-reference blur metric inspired by the
work of Marziliano et al. [21], which is based on the
calculation of the average edge spread in the spatial
domain. On each row r;, the local extrema around
each edge point are identified and their distance dg; is
treated as the local spread of the edge. The blur metric
by is then defined as the average over all edge spreads:

by = ZN&I dg;. Unlike [21], we considered both vertical
and horizontal edges. The final blur metric b is then
obtained as the sum of the vertical (by) and horizon-
tal (by) contributions: b = by + by. In Alg. 3, the steps
for the calculation of b, are described. Edge detection
is already the first step of our marker detection algo-
rithm. Hence, this metric does not significantly increase

the computational cost. We calculate it only on ROIs

Alg 1: Edge segment grouping per edge class

Data: Gradient Images: Gx(x,y), Gy(x,y), and
gradient magnitude image Ig (W x H)
Result: 4 lists of labeled edge segments (Ig,lp,n,l:),
one per class l;: green/purple/blue/red
Initialize each [;, In parallel;
for y =1: H do
forz=1:W do
read Gx(x,y), read Gy (x,y);
determine class label [; as follows;
if Ig(z,y) € vu then
if Gy (z,y) > 0 then
| Ie(xy) < lg
else
L I (X,y) — Iy

if I (z,y) € vv then
if Gx(z,y) > 0 then
‘ IG (XaY) <~ lr
else
L IG(X7Y) <~ lp

if Ig (z,y) is 4-connected pizel and € l; then
| Ta(xy) < b

for each segment s; in l; do
si < 16-bit ID;
L calculate dir, start, end, mean gradient vector vg;

around the marker edges. A blur value b > 47 indi-
cates a highly blurred image. The threshold value was
empirically determined from a drilling video sequence.

3 Unified-Planning-and-Guidance

The main modules of our framework, which were in-
troduced in [18], i.e. the module for the intra-operative
planning and the module for intra-operative guidance,
are described in detail in the following subsections. Fur-
thermore, we present for the first time the combined
use of the Kalman filter, which we employ to cope with
missing marker detection. The details of the user inter-
face of our guidance module are also presented.

3.1 Intra-operative Planning

According to the planning module of Egli et al. [7],
which we integrated in our framework [18], after the
implant plate has been fixed onto the bone shaft, the
physician is asked to acquire two X-ray images: a lat-
eral, IpaT, and an anterior-posterior, Iap. The X-ray
images are intra-operatively acquired using a mobile
C-arm. The implant plate model Py, is then registered
to Ipar and Ipp via an automatic 2D/3D registra-
tion [7]. The method developed by Egli et al. is based
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Alg 2: Edge linking. The algorithm is started from
each of the segment classes. The neighboring seg-
ment is searched for only in the compatible set
according to the sequence: green (g), purple (p),
blue (b) and red (r).

Data: 4 lists of labeled edge segments (lg,lp,lb,lr)
Result: List of markers: Ly
Initialize list of candidates markers Lq;
In parallel, starting at each l; € {lg,lp,lb,lr} and
selecting lj,lx,l; based on the ordered sequence of
colors;
for i = 1 : size(l;) do
Quad + s; € lj;
for j = 1 : size(l;) do
read s; € lj;
if s; is compatible with s; then
L Quad < sj;
for k = 1 : size(lx) do
read si € lg;

if s is compatible with s; & Quad then
L Quad <+ sg;

for | = 1 : size(l;) do
read s; € [j;
if s; is compatible with s € Quad then
L Quad + s;;

ID(Quad) < (ID(sg),ID(sp),ID(s1),ID(s:));
if ID(Quad) & L then
L Lq + Quad;

or each Quad Qi in Lg do
T <« average intensity at the Quad’s border;
Quad’s interior is thresholded using T;
Marker(ID) is extracted;
if Marker(ID) is valid then

L Ly Marker;

—

All the corner features € Ly are used for the drill’s
pose recovery;

on phase and gradient correlation similar to the work of
Kreuder [14]. A radial basis function is used to approx-
imate the cost function. A conjugate direction method
is used to reach the optimal registration. The registra-
tion result is described by the transformation matrices
TERT and Tiﬁ;. Once registered, the model of the plate
is overlayed onto Iy ar and Iap. The augmented views
support the physician in deciding the number of screws,
their length and their orientation. Each screw is also
visualized together with the implant plate. The com-
prehensive augmented view (see Fig. 3) is available to
the physician during the entire decision process.

The planned screw configuration is then expressed
as a set X = {(p1,,va,)n,}, where (pr,,va,)n, rep-
resent the screw tip position and the screw direction
versor, respectively, expressed in the local coordinate
system (CS) of the i-th hole, Sy, of the employed plate.

Alg 3: Edge spread calculation for the horizontal
edges for a ROI defined around a marker.

Data: ROI (w x h) of the gradient image
Result: Average edge spread by,
for y =1:hdo
forz =1:wdo
read ROI(x,y);
if ROI(z,y) is a horizontal edge pizel then
find gradient trend tg on the rows above;
if t; is increasing then
‘ ys < find local maximum;
else
‘ ys < find local minimum;
end
find gradient trend tg on the rows below;
if t; is increasing then
‘ yg < find local maximum,;

else
‘ yg <+ find local minimum;
end
by, < yE — ¥s
end
end
end

by < average of all by,

3.2 Intra-operative Guidance

The plate registration and the parametrization of the
planning in terms of the set of local screw coordinates
X allow the guidance pipeline to be decoupled from a
global patient reference [18], as traditional navigation
systems would require. As part of our design, a stan-
dard surgical drill sleeve is augmented with a holder,
onto which we place our binary encoded markers (see
Fig. 5(a)). A small video camera (Allied Vision Tech-
nologies, Guppy Pro F-125 BW, 1024 x 768) is mounted
onto a standard surgical drill.

The relative transformation between the camera CS,
Sc, and the drill bit is determined via a one-time cali-
bration procedure, which is performed when the camera
is attached to the drill, and is represented by T¢ [17].
The core calibration step takes about 3mins. Together
with a visual confirmation for a thorough calibration,
the entire procedure takes on average 30mins.

Before drilling, the physician is asked to position the
set of drill-sleeve markers, Sp, onto the implant plate,
as depicted in Fig. 9(a). Thus, Sp does coincide with
the local CS of the current hole Sy;. While drilling,
the markers on the drill sleeve are inside the Field
of View (FoV) of the camera. Marker detection and
subsequent camera pose estimation, expressed by TS,
are performed in real-time. The geometric relations be-
tween an implant plate hole, Sy, the set of drill-sleeve
markers, Sp, the camera, Sc, and the drill bit, Sy, allow
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Fig. 9 (a) A schematic representation of our augmented drill
guide positioned on an implant plate. (b) Graphic depiction
of the problem of the axis offset due to axis bending.

us to calculate the transformation T%{i, from St to Sy;:
I D mCrpl
THi = THiTDTC (1>

We then estimate the position of the drill-bit w.r.t. Sy,
as (p1,vi)n,. The transformation TR depends on the
selected orientation of the drill sleeve and is known by
construction; Tg‘L is also known by construction.

The previously performed 2D/3D registration be-
tween the implant plate and the intra-operative X-rays
allows us to report the instrument position directly onto
Iap (the final transformation, T%p, in Eq. 2) and Ipar.

The = T Tp; Tiy, (2)

Our framework allows us to calculate the instrument
position in real-time at an average frame rate of 15 Hz.

During the planning transfer, the user is advised to
follow the natural sequence of 2 steps: 1) Targeting and
2) Drilling.

8.2.1 Combined use of the Kalman Filter

In our real-time drill guidance, the instrument posi-
tion is calculated for each camera frame. However, if
no markers are detected, e.g. the markers are outside
the FoV of the camera, the position of the instrument
can not be calculated. Moreover, the vibrations of the

instrument, as well as strong illumination changes neg-
atively affect the outcome of the marker detection, both
in terms of the number of the detected markers and of
the accuracy of the detected features. Our goal is to
provide continuous position feedback and avoid annoy-
ing interruptions in the instrument visualization.

To provide an estimate of the drill bit position, even
in the absence of detected markers, we use a linear
Kalman filter. For more details on the Kalman filter-
ing method see [31]. Our state vector x (see Eq. 3) and
the transition matrix A (see Eq. 5) are modeled as de-
scribed in Zhao et al. [35]. The direction versor of the
instrument axis is described by the azimuth and ele-
vation angles, ¢ and 6. Hence, vy = [¢,0]T and wp =
[we,we, |T represent the orientation and the angular ve-
locity of the instrument axis, and pr, = [x1,yT,27|"
and vp = [vx,Vy,v,]T denote the position and the ve-
locity vector of the instrument tip respectively. Unlike
Zhao et al. [35], the velocity components can not be pro-
vided by a second measurement device. Instead, we cal-
culate both the tip velocity, z};p, and the angular veloc-
ities, z} > as the difference between the position mea-
surements of two consecutive frames. Our measurement
vector is defined as in Eq. 4. The measurement matrix
is H = I1gx10. Since the drill is manually steered, no
control input is included in the model.

x = WL pT Vil 3)
T T T _TT

z = [ZVA7ZLUA’ZPT7ZUP] (4)

I>x2 Iox2 O2x6

02x2 Iaxo O2x6 5)

034 I3x3 Izxs

0354 03x3 I3x3

A_:

The Kalman filter is updated at each frame. However,
its extracted values are used only as needed. Moreover,
tracking is constrained in time to prevent the filter from
diverging from the real position of the drill, which is
manually steered. Hence, tracking is allowed for a max-
imum of Ny = 4 frames. If no markers are detected
after Nt frames, we stop updating the instrument posi-
tion on the screen. As soon as markers are detected, the
Kalman filter is re-initialized. The position delivered by
the filter is also used when the angular difference of the
drill axis between two consecutive frames is greater than
10°. In these cases, the predicted drill position, as de-
scribed by x, is used for the calculation of the velocity
component of the successive frame.

3.3 Instrument Visualization

Four different views are used for visualization (see
Fig. 8). The position of the drill bit is visualized in
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real-time onto both Ijam and Ixp. These views allow:
a) the visualization of the position of the instrument
w.r.t. the patient anatomy and b) the verification of the
quality of the instrument calibration. By pointing the
tip of the drill bit at a notable position of the plate, the
quality of the correspondence, between the real position
of the drill bit and the visualized one, can be visually
inspected on the fly at any time during guidance.

The drill bit position is also shown on a comprehen-
sive view, DS-view, at the top of the guidance window
(see Fig. 8). In the DS-view, the planned and the cur-
rent direction of the screw axis are displayed w.r.t. the
drill sleeve to the surgeon. By reflecting the real phys-
ical situation at the corresponding screw hole at the
moment of drilling, this simple and local view of the
instrument direction allows the surgeon to concentrate
on the parameters of the current screw.

In the DS-view, the depth of the drill bit is visual-
ized using a depth indicator. The planned length of the
screw is also shown next to the depth indicator. The
depth of insertion, dg, is calculated as the difference be-
tween the planned screw length | and the distance to
the target. We first consider the planned screw direc-
tion and the planned screw-tip position at the selected
screw-hole: s; = (pTn,,van,). We then consider the
plane 7, orthogonal to the screw direction and pass-
ing through the screw. While drilling, we calculate the
perpendicular distance, dp, between the calculated tip
position, pr = (Tpr, Ypr, Zpr), and 7. The depth of
insertion dg, is determined as ds = | — dp.

To calculate the drill bit position, the markers on
the drill sleeve need to be in the FoV of the camera. The
information about the marker visibility is presented to
the surgeon in 2 of the 4 views (see Fig. 8). On the
upper right viewport, CAM-view, the video stream of
the camera is shown in real-time. The visibility of the
markers is conveyed in the DS-view via a 3D mesh of
the marker holder displayed in the bottom left corner
of the viewport. The marker holder is colored green,
yellow, red or gray, if 3, 2, 1 or 0 markers are visi-
ble, respectively. During our tests, the physician used
both viewports. The CAM-view was used to optimally
rotate the drill towards the markers. During targeting
and drilling, the surgeon focused on the DS-view and re-
lied on the visibility information provided by the color
of the marker model. By clicking on the CAM-view,
the camera images could be hidden or visualized on de-
mand.

Before drilling, our guidance module offers the sur-
geon the possibility to change the orientation of the
drill sleeve w.r.t. the implant hole (see Fig. 9(a)). The
default configuration assumes that the drill sleeve is po-
sitioned with its handle oriented towards the distal side

Fig. 10 Pictures taken during our experiments: (a) planning
phase and (b) the guidance phase.

of the radius. If the user desires to position the drill
sleeve in one of the other available orientations, the
chosen one has to be provided to the software before
drilling. A change in the orientation of the drill sleeve
may be desirable in order to limit the contact between
the drill sleeve and the surrounding tissues.

Depending on the diameter and the length of the
drill bit, bending of the drill bit can occur during the
operation. However, our instrument calibration is ex-
pressed by the rigid transformation Tk. The tip posi-
tion and the axis direction can be obtained only indi-
rectly. A bending of the drill bit undermines our rigidity
assumption (see Fig. 9(b)) and can lead to the display
of a false offset of the drill bit position. Using sensors
(e.g. electromagnetic sensors) directly on the tip would
help reduce the risk of false position information [27].
Unfortunately, these solutions can not be applied in our
case. As with all hand-held instruments, no knowledge
of the kinematics of the drill bit is available. Hence, no
modeling for the drill bit bending can be applied.

Safety concerns require the recognition of this criti-
cal case. Note that the drill bit trajectory is constrained
to pass through the origin Oy, of Sy,. Thus, we calcu-
late the intersection pa, between the estimated drill bit
trajectory and the plane orthogonal to the hole axis.
Values of the distance d between Oy, and pa, other
than 0 are considered as an indication of drill bit bend-
ing. A warning is given to the user, in the form of a
color change of the drill sleeve in the DS-view, sug-
gesting that attention should be paid while holding the
drill. Different colors are used depending on the value
of d. To obtain an estimate of the possible tip offset, we
considered an axis bending on a single plane starting at
the midpoint (m) of the drill bit. We have empirically
determined that if the angle described by the base of
the drill bit and m before and after deformation is 5°,
the displayed offset could be up to 15 mm.



Design and Evaluation of a Portable Intra-Operative Unified-Planning-and-Guidance Framework 9

4 Experiments

To evaluate the accuracy in the screw placement, which
can be achieved using our UPG framework, an exten-
sive series of experiments was conducted on distal ra-
dius bone phantoms and on forearm cadaver specimens.
Preliminary results on the bone phantoms and healthy
forearm specimens were presented in [18]. Here, we ex-
tend our analysis to initial testing on fractured forearm
specimens. We also investigate the impact of our UPG
framework on the accuracy of the screw placement as
compared to the freehand approach. We also analyze
the accuracy of the real-time position feedback of the
drill bit delivered by our camera-drill system.

In our experiments, a total of 37 (16 rights and 21
left) bone phantoms (involving 147 screws) were oper-
ated. Further experiments were conducted on 3 healthy
forearm specimens (2 rights and 1 left involving 11
screws for which the drill sleeve was correctly oriented)
and on 2 forearm specimens (involving 8 screws), for
which an AO A2 type fracture was produced by the
operating surgeon using a drill with a saw attachment.
The length of the placed screws (2.4 mm variable angle
locking screws, Synthes Inc.) ranged from 14 to 24 mm.
The plate used in all the experiments was a standard
2.4mm Variable Angle LCP Two-Column Volar Distal
Radius Plate, with a 6-hole head (Synthes Inc.). A stan-
dard drill bit g 1.8 mm, with marking, length 110 mm,
2-flute (Synthes Inc.) was used, as well as a battery-
powered drill, Colibri IT (Synthes Inc.). Two user groups
(4 users with engineering expertise, EE, and 2 medical
experts, ME) operated on the phantoms. The specimens
were operated by one medical expert. According to our
workflow, for each test the operator was asked to: 1)
fix the implant to the test-body; 2) acquire 2 radio-
graphic images for implant registration; 3) plan the de-
sired screw configuration; 4) select the current screw
hole and accordingly position our marker-drill sleeve;
5) transfer the plan, guided by the real-time feedback
of our software; and 6) place the screws and acquire
a 3D volume (Arcadis® Orbic 3D, Siemens; Volume:
2563; Spacing: 0.485 mm).

Evaluation of the transferred plan: Following the
evaluation procedure used by Vetter et al. [32], at the
end of each test case, the implant plate is manually
registered to the acquired 3D volume. This allows us to
evaluate the accuracy of the transferred plan in terms
of: 1) the Euclidean distance between the planned and
the achieved position of the screw tip, dr; and 2) the
difference between the planned and realized screw axis
orientation, expressed in azimuth, «, elevation, 3, us-
ing the convention of Vetter et al. [32], and total angle,
1 (see Table 1). Our error estimates depict the overall

accuracy of the entire process. The use of the azimuth
and elevation angles allows us to compare our results
with those of [32]. Furthermore, the use of two sep-
arate angles provides us feedback on whether certain
screw orientations are more error-prone (see Fig. 16).
Evaluation of the real-time position feedback of
the drill bit: We also assessed the accuracy of the po-
sition feedback delivered by our system by using a Po-
laris tracking system (NDI, Ontario, Canada) for refer-
ence data collection. We compared the instrument po-
sition, calculated in real-time by our guidance applica-
tion (15 Hz) on the 37 PB and on the 5 FS, with the one
obtained by the Polaris (20 Hz). Recall that our frame-
work expresses the position of the drill bit w.r.t. the
local CS of the drill sleeve, Sp, as (Pic, vic)p. Hence,
we attached Polaris reflective markers to both the drill
sleeve and to the surgical drill. This allowed us to ex-
press the position of the drill bit, given by the Polaris
system, in terms of Sp, as (Prp, vip)p. For each screw,
the data was acquired during the entire guidance pro-
cedure, including drill positioning, targeting, drilling,
position readjustment and calibration check.

UPG framework vs. freehand placement: The 4
users of the EE group were each asked to transfer a set
of 5 screw plans twice on PB: once freechand, and once
under the feedback provided by our UPG framework.
Each user was assigned a different set of screw plans.
User #4 operated on only 3 screw plans.

4.1 Drill Sleeve Calibration

For comparison with our Polaris-based reference, we
need to calibrate both the drill and the drill sleeve with
the attached Polaris markers. Our drill-Polaris marker
calibration is expressed by the transformation TICP,
where CP is the Polaris reference attached to the drill.

For the drill sleeve calibration, we designed a cus-
tom made calibration plate (see Fig.11). For maximum
flexibility, Sp is used as reference frame. Polaris mark-
ers are attached to the plate K. The implant plate, PL,
is rigidly fixed onto the plate and the transformation
TE,, from K to PL is known by construction. Recall
that when the drill sleeve is fixed onto one of the im-
plant holes, Sp is expected to coincide with the local
hole Sg,. The transformation matrix TE? from PL to
the plate hole H; is also known. Our seeked calibration
is expressed by TBP, which can be obtained using Eq. 6.
In Eq. 6, only TRF is missing. Hence, we placed the drill
sleeve onto the two central distal holes of the impl/a_gt,
one after another, obtaining a pair of estimates of TBY,
which we averaged to get our final estimation of TRHY.



10

Jessica Magaraggia et al.

Fig. 11 Our custom-made calibration plate for the calibra-
tion of the drill sleeve with attached Polaris markers, Spp.
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Fig. 12 Inter-user variability in the screw placement for the
plastic bones for (a) the tip error, and (b) the angular error
in azimuth (blue) and elevation (green). Engineering experts
are users #1 to #4 while medical experts are users #5 and
#6. User #6 operated on a single phantom.

TR TR — T TR ©)

To determine TRY, we placed our drill sleeve onto the
implant and acquired data for about 10 sec. at 20Hz
using the standard NDI Track Tool for a total of n mea-
surements. Hence, we got a set of transformations Sp =
{(qi, t;)}. The rotation component is expressed by the
quaternion q; = (¢w, ¢x, ¢v, qz). The quaternion repre-
sentation allows a straightforward averaging operation.
We compute the average rotation component of TRP
using the method proposed by Markley et al. [20]. As
weights we used the error delivered by the NDI Track
system when calculating TR and TK.

5 Results

The obtained final accuracy in the screw placement on
PBs and FSs is shown in Table 1. A fourth healthy spec-
imen was excluded from the quantitative evaluation,
since plate rotation occurred during the procedure. In
Fig. 16, the error distribution w.r.t the planned screw
direction is shown, both for azimuth, «, and elevation,
B. Our ANOVA analysis showed significant (p < 0.05)
difference in dt and no significant difference (p > 0.05)
in 1 between the two user groups, EE and ME. The
performance of each user on PBs is shown in Fig. 12.

Tip Distance Angular Error

= Azimuth

—— Elevation
3
E 2 I B E
° FSH1 FSH2 FSH3 FSF1 FSF2 FSH1 FSHZ FSH3 FSFl FSF2
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Fig. 13 Final accuracy in the screw placement for the fore-
arm specimens: errors in (a) tip position, (b) azimuth and
elevation angles. FSH1 to FSH3 and FSF1 to FSF2 denote
the healthy and fractured forearm specimens respectively.
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Fig. 14 Accuracy of the position feedback delivered by our
camera-drill system in (a) tip distance and (b) total angle, for
all the plastic bones PB. The last 2 PBs were drilled using a
light-weight non-surgical drill.
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Fig. 15 Accuracy of the position feedback delivered by our
camera-drill system in (a) tip distance and (b) total angle,
for all the forearm specimens.

The final accuracy in the screw placement obtained
on FSs is shown in Fig. 13. More specifically, the errors
obtained for the 3 healthy specimens, FSH, in dr, «
and g are 1.63+0.91 mm, 5.854+4.93° and 3.48+3.07°
respectively [18]. The errors for the 2 forearm specimens
with fractures, FSF, are 1.39£0.47 mm, 2.93+1.83° and
2.14+1.84° respectively (see Table 1).

Fig. 18 shows the final screw accuracy, when a user
transfers the same set of screw plans on PB, once free-
hand, and once guided by our UPG framework. When
transferring the same plan under guidance we achieved:
0.89 £ 0.37mm, 2.85 + 2.57°,1.49 + 1.17° in d, o and
B, compared to freehand: 1.73 + 0.82 mm, 6.01 + 4.94°,
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Table 1 Final accuracy in the screw placement. Mean and median values for tip distance (dr), and for errors in azimuth
(a), elevation (8) and total (¢) angles for plastic bones: 1) All users (AU), 16 right bones (64 screws) and 21 left bones (83
screws); 2) Engineering experts (EE), 14 right bones (56 screws) and 19 left bones (75 screws); 3) Medical experts, (ME) 2
right bones (8 screws) and 2 left bones (8 screws). The last rows refer to the forearm specimens: all forearm specimens (FS,
19 screws), healthy (FSH, 11 screws) and with fractures (FSF, 8 screws) respectively.

dr (mm) o (%) 8() ¥ (%)
AU 1.01+0.56  0.89 3.74+4.39 2.64 1.70+1.35 1.41 2.48+1.58 2.18
EE 0.97+£0.46  0.89 3.48 £4.08 2.60 1.68 +1.30 1.46 2.39+1.34 2.17
ME 1.34+£1.02 1.06 5.86 £6.18 3.18 1.85+1.73 1.21 3.21+2.87 2.39
FS 1.53+£0.75 1.27 4.62+4.12 3.69 2.92£2.65 1.82 3.75+2.51 3.48
FSH 1.63+0.91 1.40 5.85+4.93 4.07 3.48 £3.07 2.17 4.54+2.77 4.37
FSF 1.39+047 1.18 2.93£1.83 2.98 2.14+1.84 1.22 2.67+1.70 1.77

Elevation Error

Azimuth Error

Fig. 16 Error distribution for the 4 angular sectors for PBs
(blue), FSH and FSF (green), in: (a) azimuth and (b) eleva-
tion. North relates to the distal side of the plate.

Table 2 Accuracy of the position feedback of the drill bit.
Mean and median values for the errors in the tip distance
(dra), and the total angle (¢ ) for: 1) All plastic bones (PB)
for all users (AU), (147 screws); 2) All forearm specimens
(FS) (20 screws). The results obtained when 1 marker (1M),
2 markers (2M) or 3 markers (3M) are detected are shown.

drc (mm) Ye (°)
PB (AU) 2.01 +1.57 1.75 1.93+1.35 1.83
1M (9.93%) 2.53+2.69 2.05 1.67+3.13 1.25
2 M (27.71%) 2.194+1.30 1.96 2.06 +1.07 2.02
3 M (63.36%) 1.844+1.37 1.59 1.914+0.82 1.86
F'S 2.84 +2.48 2.41 2.70+1.86 2.81
1M (14.95%) 2.97+3.13 2.48 2.02 +3.09 1.83

2.48 £2.53 1.98
2.99+2.21 2.59

2.39+2.11  2.39
3.06£0.90 3.07

2 M (29.35%)
3 M (55.69%)

3.52 £+ 2.48°. Our ANOVA analysis showed that there
was a significant (p < 0.05) difference in dr and in
between the two groups.

The overall accuracy of the real-time position feed-
back of the drill bit, as provided by our guidance mod-
ule is shown in Table 2. The accuracy of the position
feedback is expressed in tip distance drg and total an-
gle ¥¢ and was calculated over 147 drilling sequences
for PB and 20 sequences for FS. The obtained accuracy
for PBs and for FSs is shown in Fig. 14 and Fig. 15.

Tip (z—coordinate) Number of feature points

(#Feature points)

#Frame

(a) (b)

Fig. 17 Data from one perforation. (a) The z component of
the calculated tip position and our reference. The advantage
of the use of the Kalman filter is evident in this case, since,
as shown in (b), often no markers are detected.
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Fig. 18 Final accuracy in the screw placement on PB ob-
tained by the users (EE group) when transferring the screw
plan freehand (blue) and under guidance support (green): er-
rors in (a) the tip distance dr, and (b) total angle .

We further investigated the performance of our al-
gorithm by separately analyzing the feedback accuracy
during targeting and during drilling. The two steps can
be nicely separated using the z-coordinate of the drill
bit delivered by our Polaris-based reference, which as-
sumes positive values when the depth of the drill bit
increases (the z-axis is positive towards the interior of
the bone). Thus, when z < 5 we treat the correspond-
ing action as targeting. When z > 5, we consider it an
indication of drilling (see Table 3).
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Table 3 Accuracy of the position feedback of the drill bit during targeting and during drilling. Mean and median values for
the errors in the tip distance (drq), and for errors in the total angle (1g) for: 1) All plastic bones (PB) for all users (AU),
16 right bones (64 screws) and 21 left bones (83 screws); 2) All forearm specimens (FS) (20 screws); 3) Only healthy forearm
specimens (FSH) (12 screws); 4) Only forearm specimens with fractures (8 screws).

Targeting Drilling
drg (mm) Ya (°) drg (mm) Ya (°)
PB (AU) 195+1.24 1.73 1.96 +£1.22 1.88 2.15+£2.16 1.79 1.87+1.74 1.73
FS 2.55+1.59  2.36 2.67+1.07 2.83 3.40+3.55 2.47 2.74+2.82 2.78
FSH 2.44+1.74 2.24 2.304+1.37 2.16 3.04 +£3.92 2.47 2.48+4.38 2.15
FSF 261+149 244 2.894+0.75 3.04 3.631+3.28 2.47 2.91+0.94 2.96

6 Discussion

We presented the integration of our portable guid-
ance solution into our Unified-Planning-and-Guidance
framework for distal radius fracture surgery. Our frame-
work does not require the fixation of any navigation
markers onto the patient: the patient reference is pro-
vided directly by registering the implant plate onto the
X-ray images acquired intra-operatively. For guidance,
minimal additional instrumentation is required, i.e. a
set of small markers attached to the surgical drill sleeve
and a video camera mounted onto the surgical drill.

The feasibility of our framework and its impact on
the accuracy of screw positioning were investigated.
For performance comparison, we recall the closest re-
lated work [32], a clinical study conducted using solely
intra-operative planning. Though their results refer to
real cases, we can still use them as a reference point
for the expected accuracy without a guidance system:
their reported errors in dr, o and 3 are 2.24+0.97 mm,
18.69+29.84° and 1.66+4.46° respectively [32].

The series of our evaluations conducted in a lab en-
vironment on phantoms (see Table 1), overall showed
a significant increase in screw placement accuracy and
robustness. The mean error in dt and o was reduced
by 55% and 80% respectively, while the standard devi-
ation dropped by 42% and 85% accordingly. The mean
error in [ increased from 1.66° to 1.70°, while the stan-
dard deviation was more than halved. As expected, the
error distribution (see Fig. 16) shows that higher errors
occur when drilling in the north sector, i.e. close to the
marker holder, since this reduces marker visibility. In
these specific cases, appropriate drill sleeve rotation is
expected to increase accuracy.

A similar performance was observed in the experi-
ments conducted on the 5 forearm specimens, F'S. Over-
all, the mean error in dt and « was reduced by 32% and
75% respectively, while the standard deviation was de-
creased by 23% and 86% accordingly. The mean error
in 8 increased from 1.66° to 2.92°, while the standard
deviation was decreased by 41%.

In one of the right FSHs, the drill sleeve for one
screw was rotated 90° w.r.t. the default position. Al-
though our software allows selecting the preferred Tﬁi
for planning transfer, in this case it was not conveyed
by the user. Even under such circumstances, our UPG
framework helped keep the mean errors for both «
and 8 below 10° and 4° respectively. With this case
of incorrectly rotated drill sleeve, our evaluation for
FSH results in errors in dt, o and 8 of 1.94+1.37 mm,
9.00+£11.89° and 3.32+2.98° respectively [18].

Our sequential analysis over all the forearm spec-
imens, FS, showed that the performance of the med-
ical expert improved over time (see Fig. 13). The
same behavior was observed on the bone phantoms.
No training phase was performed before the experi-
ments. It appears that user 5 needed some additional
time to map how his movements influence the perfor-
mance of the guidance system. On PBs across the se-
ries of experiments his accuracy in drp, o and (3 in-
creased respectively from: 1.80£1.10 mm, 8.69+8.50°,
1.59+1.36°, to: 0.754+0.24 mm, 2.86+1.01°, 1.064+0.81°.
On FSs across the tests, his performance in dr, o and 3
increased from 2.05+£1.59 mm, 6.4946.96°, 4.33+5.48°,
to: 1.58+0.54 mm, 3.40+1.81°, 2.66 + 1.93°. According
to our experimental design, the medical expert operated
first on FSHs and at last on FSFs.

We analyzed the difference in the final accuracy in
the screw placement obtained when a user transfers the
same set of screw plans on PB, once freehand, and once
guided by our UPG framework (see Fig. 18). As ex-
pected, both the mean error in dt and 1 was reduced
by 49% and 55% respectively when using our guidance
system. The corresponding standard deviation dropped
by 55% and 53%. Please note that the evaluation of free-
hand vs. guided was performed by users with engineer-
ing expertise, and it is not necessarily representative
of how a medical doctor would perform. Unfortunately,
there is no data about the accuracy of the screw place-
ment for guided vs. freehand for medical experts. Thus,
engineering experts were our best option.
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Fig. 19 Example of the position feedback for the drill bit tip
obtained during one drilling operation on a fractured speci-
men by our drill-camera system (red) and by the Polaris sys-
tem (blue). The high drift of the Polaris system is attributed
to the relative movement between Spp and Sp and does not
reflect a real motion of the instrument. This relative move-
ment is correctly not detected by our camera-drill system.

When analyzing the real-time position feedback of
the drill bit (see Table 2), we observed that for the
PB, as expected, the error in dyrq decreases with in-
creased marker visibility. As the number of visible
markers increases, the pose recovery algorithm [15] ex-
ploits the non-planar distribution of our markers, and
consequently of the feature points, which are used for
pose reconstruction. The orientation is also nicely es-
timated even when only one marker is visible. On FS,
the median values in dpg and ¥g remain under 2.5 mm
and 2.9° respectively. However, the expected correla-
tion between a larger number of detected markers and
higher accuracy does not hold anymore. The Kalman
filter is employed when no markers are visible or there is
a high angle difference between consecutive frames. The
errors in drg and ¥ are 3.0843.83 mm and 3.46+5.70°
respectively. The maximum error was 46.11 mm and
55.36° in drg and ¥g respectively, while the median
was 2.06 mm and 1.45° respectively. The comparatively
low median values indicate that there is a small number
of relatively large outliers.

On PB and FS, during drilling, we observe a slight
increase in the error in drg (see Table 3), which can be
ascribed to the increase of image blur. There is also an
increase in the standard deviation during drilling, par-
ticularly in the results of the forearm specimens. On FS
the errors in dpg and ¥g tend to increase as the num-
ber of visible markers increases. This can be attributed
to the relative movement of DP (the Polaris reference
onto the drill sleeve) w.r.t. to the drill sleeve. When
operating on the forearms, especially on the fractured
ones, the surgeon needs to compress the joint at the
distal radius during drilling to perform the reduction.
The manner in which the forearm needs to be held at
this point of the procedure increases the contact of the

forearm with DP, thus inducing a relative movement
between DP and the drill sleeve. This introduces a tem-
porary unreliability of our Polaris-based reference. This
was observed when we analyzed the position of DP in
the Polaris CS, Sp. An example is shown in Fig. 19: the
relative movement between Spp and Sp, which causes
the high drift in the x value of the tip position esti-
mated by the Polaris-based system, does not reflect a
real movement of the instrument. This movement is cor-
rectly not detected by our camera-drill system.

Our guidance module requires a calibration step,
which needs to be performed once when the camera
is rigidly mounted onto the drill for the first time. It
can be performed at any time before the surgery. The
calibration needs to be repeated only in case of rear-
rangement of the camera mount onto the drill. Rear-
rangement can be avoided e.g. by integrating the cam-
era mount directly into the design of the drill casing.
Since it is a one-time procedure, it does not affect the
operation time.

Our UPG framework was evaluated on PBs and on
FSs. Further work needs to be performed to allow the
translation of our framework onto patients. Additional
miniaturization of the camera and its mount is expected
to improve the maneuverability of the drill. This would
also help reduce the impact of the camera-drill weight
on the amount of axis bending, which could occur while
drilling. Moreover, our UPG framework should be used
only after stable cortical fixation of the implant plate,
thus ensuring that no relative displacement between the
bone of the patient and the implant plate occurs. If dur-
ing the procedure re-positioning of the plate is required,
the planning step needs to be repeated.

7 Conclusions

We have developed and evaluated a prototype frame-
work for supporting orthopedic surgeons during an
ORIF procedure. The support to the physician is pro-
vided from the beginning to the end of the procedure.
Our evaluation shows that our UPG framework is
expected to increase the accuracy in screw positioning
and to improve robustness.
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