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Abstract

Introduction Accuracy in navigated surgery depends on
placement and registration of stable reference markers
close to the anatomic region of interest. Navigation in small
and complex anatomic regions, such as the scaphoid, is
challenging due to difficulties in placing a stable reference
marker. In the current paper, we describe the use of a cus-
tomized wrist-positioning device “Scaph-splint” with a
built-in reference marker that facilitates navigated scaphoid
screw insertion in combination with a 3D imaging device.
Materials and methods Initial cadaveric feasibility study
Five fresh-frozen cadaveric upper extremity specimens
were utilized. Each specimen was secured onto the “Scaph-
splint” with the wrist in about 90° of extension. Using a 3D
fluoroscope, a series of images were taken of the carpal
bones and reconstructed in axial, sagittal, and coronal
planes. Navigated planning and guidance of scaphoid dril-
ling and screw placement was performed. Next, a repeat 3D
scan was taken to analyze the drill canal. The accuracy of
navigated scaphoid drilling, drilling trials, and any penetra-
tion of the scaphoid outside of the planned drill trajectory
were evaluated. A grading scheme was used to assess the
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drilling accuracy: Grade 1 <1 mm deviation, Grade 2
<2 mm deviation, Grade 3 <3 mm.

Results  Scaphoid drilling was confirmed to be completely
accurate (Grade 1) in two specimens, highly accurate
(Grade 2) in two specimens, and accurate (Grade 3) in one
specimen. No specimen required a repeat drilling of the
scaphoid. In one specimen, the proximal scaphoid pole was
perforated by the drill. No registration failures or loosening
of the reference marker occurred.

Conclusion The use of the “Scaph-splint” enabled stabil-
ization of the hand and wrist, thus adequately fixing the ref-
erence marker in relation to scaphoid for optimal
navigation and screw placement without the need to
directly penetrate the scaphoid with a reference marker.
The use of 3D fluoroscopy further increased the accuracy
and precision of scaphoid screw placement.

Keywords Scaphoid fracture - Wrist fracture -
Computer assisted surgery - CAS - Internal fixation -
Accuracy - 3D imaging

Introduction

Screw osteosynthesis of scaphoid fractures is often based
on minimally invasive operative techniques. Fracture
reduction and screw insertion can be guided by wrist fluo-
roscopy, arthroscopy, or specially designed guiding jigs
[12, 22]. Nevertheless, operative fixation of these fractures
remains a challenging problem in hand surgery. Complica-
tions of scaphoid osteosynthesis such as incorrect screw
placement or inadvertent damage of articular cartilage have
been reported in the literature ranging from 5 to 30% [1, 8,
19-21]. Additionally, percutaneous techniques have been
associated with increased intraoperative use of radiation
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Fig. 1 The “Scaph-splint”.
The extremity may be positioned
in either volar or dorsal position

[2, 12]. The biomechanical importance of optimal scaphoid
screw placement has been emphasized in the literature [9,
18]. Recently, mobile CT and isocentric C-arm fluoroscope
image intensifiers have been introduced as precise imaging
modalities for intraoperative evaluation and management of
fractures and osteosyntheses [15, 16]. The ISO-C?P is a 3D
imaging system that collects 100 sequential radiographs
within a 2-min time span around the anatomic region of
interest. The images are then processed by the C-arm com-
puter and reconstructed into sagittal, axial, and coronal
planes. These images can then be transferred to a naviga-
tion system for surgical planning and further virtual place-
ment of surgical tools. The combination of 3D imaging and
Computer Assisted Surgery (CAS), such as navigation-
based fracture fixation and implant placement, has been
shown to be an effective tool in orthopedic surgery [4, 5,
11]. The surgeon can navigate through the anatomic region
of interest in multiplanar planes to find the best possible
position for screw placement. For navigation to be precise,
stable, motion-free reference markers have to be placed
near the anatomic region of interest and be registered by the
navigation system [3, 14]. Navigation-assisted surgery in
small and complex anatomic regions, such as the scaphoid,
has been challenging due to difficulties with establishing
such a reference marker. Navigated screw osteosynthesis
for scaphoid fractures using 2D fluoroscopy imaging has
been recently reported in the literature [17]. Yet given the
complex anatomy of the scaphoid and the carpus, we feel
that 3D imaging can better delineate the complex anatomi-
cal detail and improve surgical accuracy of scaphoid screw
insertion. In the following paper, we describe the first use
of a custom wrist/hand positioning device “Scaph-splint”
with a built-in reference marker that would immobilize the
distal upper extremity, facilitating the accurate insertion of
a scaphoid screw using 3D navigation.

Materials and methods
The wrist/hand positioning device

The custom-built hand-positioning device “Scaph-splint”
was made out of Polysulfon (PSU), which is radiolucent

@ Springer

and reusable after gas sterilization. It consisted of four
separate parts assembled in such a way as to provide a sta-
ble platform for both the distal forearm and the hand. The
design of the splint allows for positioning of the extremity
in either the volar or the dorsal positions (Fig. 1). The refer-
ence marker for the navigation system was securely fixed
onto a designated slot on the hand platform. The splint was
deliberately constructed such that the reference marker was
15 cm away from the center of ISO-CP scan area. This
minimizes the incidence of metal artifact while ensuring
that the marker is not too far away as to affect accuracy
[6, 7].

The upper extremity was then secured to the device
using velcro straps with the wrist in about 90° of extension,
enabling a palmar approach to the scaphoid. To prevent
secondary motion additional straps were used to rigidly
fix the cadaver arm onto the splint. For navigation of the
1-mm K-wire, an aiming device was utilized and fixed to a
positioning arm that could be moved through all planes and
fixed at a desirable position.

Cadaver study

Five fresh-frozen cadaveric upper extremity specimens
were utilized. Each extremity was immobilized on the
“Scaph-splint” as described earlier (Fig.2). The fixed
extremity was placed on a carbon fiber table to reduce arti-
fact. A commercially available navigation system (Brain-
lab, Heimstetten, Germany) and ISO-C3P fluoroscopy
(Siemens, Germany) unit were used. Sequential radio-
graphs were taken from the carpus with the fluoroscope
during one automated scan and transferred to the navigation
system for analysis. Surgical planning was achieved with
the help of the navigation system, which visualized the
drill/screw trajectory based on the multi-plane (sagittal,
coronal, and frontal) reconstruction images provided by the
3D fluoroscope (Fig. 4). The trajectory was chosen by iden-
tifying the middle axis of the scaphoid in two planes (sagit-
tal and coronal) and employing it as the optimal anatomical
position. When the axis and the length of the screw had
been determined virtually, insertion of the guide wire was
carried out under permanent guidance of the virtual images.
A 1.5 cm incision was then made over the distal pole of the
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Fig. 2 a The cadaveric wrist and hand fixed using the splint and a
bandage. The reference marker does not encroach upon the area of
interest. b AP and lateral X-ray views of the same wrist. The polysul-
fon material used to construct the splint minimizes the incidence of
imaging artifacts

scaphoid. Navigated drilling proceeded with a 2.5 mm drill
bit in a distal to proximal direction over the guide wire.
Finally, a cannulated Herbert screw was inserted into the
drill canal with a navigated screw driver. A secondary
ISO-C3P scan was performed for the final evaluation of the
drill canal and screw insertion.

Cadaveric feasibility study

The accuracy of screw placement was determined by evalu-
ation of pre- and postoperative fluoroscopic 3D images. In
particular, the following parameters were evaluated:

1. The accuracy of navigated scaphoid drilling, deter-
mined by comparing the planned and final drill trajec-
tories, and graded as completely accurate (1), highly
accurate (2), and accurate (3)

2. Number of drilling trials

3. Perforation of the scaphoid outside the planned drill
trajectory. The scaphoid drill canal was examined in all
three reconstruction planes by an experienced orthope-
dic hand surgeon who was blinded to the study.

Motion assessment between the “Scaph-splint”
and scaphoid

Five fresh-frozen cadaveric upper extremity specimens were
utilized. Five rounds of tests for motion analysis were per-
formed. Assessment for movement of the scaphoid relative
to the “Scaph-splint” was made possible using a 3D ultra-

sound motion tracking system (Model CMS 30P; Zebris
Inc.; Tiibingen, Germany). Drilling was simulated with a
T-handle. Any relative motion was measured by the ultra-
sound system and analyzed accordingly (Fig.4a). There
were three microphones, i.e., triaxial sensor, with a star-
adapter (made of acrylic glass). The ultrasonic microphones
(cylindrical, height 10 mm, diameter 5 mm, weight 1 g,
pulse frequency 50s~! at frequency of 40,000 Hz emit)
were connected by thin electrical cables to the central unit of
the measurement system of a personal computer. One of the
microphones was fixed on the “Scaph-splint” with a screw
and the other microphone was fixed in the scaphoid with
two K-wires (Fig. 3b). The distance between the transducer
(Model MH H3; Zebris Inc.; Tiibingen, Germany) and the
microphone was 1 m. The absolute spatial accuracy of
the system was <0.25 mm at a resolution of 0.085 mm. The
maximum deviation from the actual angle change was less
than 1° in all three planes. This was confirmed indepen-
dently by the manufacturer. The Euclidean distance from the
scaphoid to the splint was used for the evaluation purposes.

First clinical case

The study was performed following the Declaration of Hel-
sinki principles. The first patient was a 30-year-old male
with a sports-related injury. He had sustained a complicated
wrist injury with fractures of the scaphoid and hook of the
hamate with concomitant scapholunate dissociation
(Fig. 4a). The patient underwent surgery 5 days post-injury.
The hand was fixed to the splint with the use of a bandage
and placed on a carbon fiber hand surgery table. To acquire
images an ISO-C°P system (Siemens, Erlangen, Germany)
was used. The data were transferred to the navigation sys-
tem (VectorVision, Brainlab, Feldkirchen, Germany). After
planning the trajectory, the customized aiming device was
calibrated once it had been fixed with a positioning arm to
the “Scaph-splint”. Once the trajectory planning had been
completed, the aiming device was aligned extracorporeally.
This position was fixed using the positioning arm. A 1-mm
K-wire was used to perform the drilling (Fig. 5). A repeat
scan was performed post-drilling to analyze the drill path.
Once the path was confirmed to be satisfactory, the Herbert
screw was inserted. Treatment of the scapholunate dissocia-
tion and the fracture of the hook of the hamate were
performed in a non-navigated conventional fashion.

Results
Cadaveric feasibility study

All cadaveric specimens were successfully secured on the
“Scaph-splint” without any residual motion or artifacts
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Fig. 3 a Setup for motion
analysis. b / Ultrasound
transmitter placed in the splint
(using one K-wire and one
locking screw). 2 Ultrasound
transmitter attached to the
scaphoid (using two K-wires).

¢ Fluoroscopic view of b

Fig. 4 a Plain film (AP), b CT
and ¢ 3D reconstruction of
patient’s wrist. Non-displaced
scaphoid fracture clearly visible

detected by the navigation system. Scaphoid drilling was
rated as completely accurate in two, highly accurate in
another two, and accurate in one cadaveric specimen. No
relevant artifacts of the 3D fluoroscopic scans due to the
splint or the fixation straps were found (Fig. 3¢). No speci-
men required repeated drilling of the scaphoid. However, in
one specimen the proximal scaphoid pole was perforated by
the drill.

@ Springer

Relative motion analysis

The mean change in the Euclidean distance between the
scaphoid and splint across all five specimens was 0.4 mm
(range 0.2-0.7 mm, standard deviation 0.2 mm). No clini-
cally significant differences were demonstrated for the rela-
tive motion measurements from testing of the five
specimens.
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Fig. 5 a Intraoperative set up
with navigated internal fixation
being performed. b a screenshot
of the navigated trajectory. The
system allows for multiplanar
axis localization

Fig. 6 Plain film X-ray views
(AP, lateral) post scaphoid
fracture fixation showing
satisfactory screw placement

Clinical case

There were no technical problems encountered while per-
forming the navigated drilling procedures. The reference
marker remained stable throughout testing. Verification of
registration showed accuracy to within less than 1 mm. The
quality of the images was satisfactory in all cases. The post-
operative X-rays confirmed a satisfactory result (Fig. 6).
The complete operative time was 180 min. The time taken
to acquire images for each scan was 190 s.

Discussion

Internal fixation of scaphoid fractures remains a challeng-
ing task. Central placement of the screw in the scaphoid has
been shown to offer a biomechanical advantage in the inter-
nal fixation of scaphoid fractures [9, 18]. In the current

study, we used 3D navigation to optimize scaphoid screw
placement. Navigation and CAS have become increasingly
popular in the field of orthopedic surgery, because they
have been shown to improve the accuracy of surgical pro-
cedures [5, 13]. Accurate navigation requires registration of
motion-free reference markers near the anatomic region of
interest [7]. The small yet complex anatomy of the wrist
and the carpal bones make establishing stable reference
markers rather difficult. However, the “Scaph-splint”
enables accurate surgical planning and placement of a
scaphoid screw. With polysulfon as the base material of its
structure, we were able to minimize potential signal arti-
facts by reducing the amount of metal in the surgical field.
This is particularly important in small anatomic regions
where the use of Iso-C 3D in combination with metal-con-
taining objects can produce enough artifact to decrease the
accuracy of navigated surgical planning and precision
during registration [6].
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Accurate evaluation and fixation of scaphoid fractures
with 2D fluoroscopy can be a challenging task, even for the
experienced hand surgeon. Computed tomography can pro-
vide valuable information about the anatomical details of
the scaphoid, thus simplifying surgical planning [2, 10].
Liverneaux et al. [17] have previously used 2D fluoroscopy
to successfully insert navigated scaphoid screws. In their
study, they utilized a device to immobilize the wrist and
hand for accurate screw placement. Their study, however,
lacked the additional power provided by 3D fluoroscopy.
The CT-like images that are produced by Iso-C 3D demon-
strate the anatomy of the scaphoid in sagittal, coronal, and
frontal planes, thus improving the accuracy and precision of
navigated screw placement. Our results demonstrated that
in four out of five specimens a highly accurate screw trajec-
tory was achieved. In addition, no repeated drilling trials or
misdirection of the screw occurred.

The limitations of this study include the use of cadaveric
specimens, the number of specimens, and screw placement
in intact, non-fractured scaphoids. The use of fresh cadav-
eric specimens was necessary because this was the first
time that the “Scaph-splint” in combination with 3D fluo-
roscopy was used for navigated scaphoid screw placement.
In our second study, we demonstrated that there was no
clinically significant motion between the scaphoid and the
splint. The limitations of this arm of the study were similar
to those already mentioned and in addition, specimens from
non-fractured scaphoids were utilized.

In its first clinical use, it was necessary to use a 1-mm
K-wire. In previous studies, it was reported that a limitation
of navigated drilling was the obligation to use a 2.5 mm or
greater sized drill bit [13]. To address this problem we devel-
oped a custom-made navigated aiming device, which is fixed
to a movable and lockable arm. The device was fixed follow-
ing data acquisition, in order to reduce any imaging artifacts.
The operative time was longer than usual due to the introduc-
tion of the new technology. The authors believe that subse-
quent cases will see a reduction in operative time due a
flattening of the learning curve. Despite the complicated
unstable condition of the wrist fracture being treated, we
were successful in our use of the navigation system for screw
replacement. This shows that the degree of immobilization of
the wrist employed was sufficient in this case; however, we
would need to increase the number of such cases to establish
whether this system is truly beneficial and effective.

Conclusions
Despite the inherent limitations of our study, we concluded
that the use of the “Scaph-splint” in combination with 3D

fluoroscopy increases the accuracy of navigated scaphoid
screw placement. Moreover, 3D fluoroscopy allows for an
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immediate intraoperative control of the screw placement in
our pilot study.
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