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ABSTRACT

Introduction: Scaphoid fractures still have high rate of nonunion, mainly due to the tenuous blood supply
and only primary bone healing. Rigid fixation facilitates this kind of bone healing and is considered as vital
as protection of the blood supply. The optimal implant (screw) location should meet the requirements for
researcher’s biomechanical findings on fracture stability.

Materials and methods: Raw CT-scanned data of eight volunteers’ wrists were imported into Mimics. The 3D
scaphoid was segmented out and calculated, then opened in Geomagic Studio. Four fracture planes (proxi-
mal, oblique waist, horizontal waist and distal) simulating common broken scaphoid were created. Mimicking
scaphoid implants (screws), the longest, the sub-longest, and central and eccentric cylinders perpendicular
to each fracture plane were created. Whole and inside-fragmental length, and the relative location of each
cylinder were measured and analyzed.

Results: The longest (28.5 + 1.6 mm) cylinder was significantly longer than the sub-longest (25.4 + 1.4 mm).
Several eccentric perpendicular cylinders (so short or cutting out of the scaphoid) couldn’t be created. Some
proximal inside-fragmental lengths ranged from 3.0 to 5.1 mm. Several central perpendicular cylinders inter-
sected with the longest one. Several central and eccentric perpendicular cylinders were outside of the proxi-
mal scaphoid non-contact region.

Conclusion: The results of this study showed that scaphoid fracture images from CT scan can be calculated
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and yield the optimal implant location.

Introduction

Despite optimal treatment, scaphoid fractures are notorious for their
high rate of non-union, approximately 5-20% after conservative
management and around 15.5% overall [1-5]. The surgeon scientists
have been struggling to improve the remedy. Besides focusing on the
operative approach to reduce the risk of injury to the tenuous blood
supply of the scaphoid, researchers also have been making some pro-
gress in the biomechanical stability of the fracture, the same impor-
tance considered as the preservation of the blood flow to the unique
bone [6]. Since scaphoid fractures lack the capacity to form callus,
primary bone healing remains the only mode of union [7]. Therefore,
rigid fixation that maintains fragment stability is essential to facilitate
this healing process. Headless cannulated screw implanted to synthe-
size the fragments is becoming mainstream [8, 9], and the plate were
usually preserved for the complex fracture with distal pole fragmen-
tation, with comminution and non-union after prior failure of screw
fixation [10]. The screw placed along the central zone of the scaphoid
would be longer inside than other eccentric placements, and the
longer purchase of the fragment meant the more stability. The supe-
rior biomechanical characteristic of the screw in central position were
confirmed through some studies [11, 12]. Subchondral 2-mm zone of
the scaphoid had the greatest bone density, while the inner regions
had significantly lower, including the lowest central zone [13, 14]. Two
screws provide greater biomechanical stability and have higher union
rate [15, 16]. Multiple Kirschner wires had the advantages of short

union time, less demanding, and less expensive than single screw
implant [17]. A mechanical study for oblique scaphoid fractures
showed the same stability of the screw perpendicular to the fracture
line and parallel to the long axis of the scaphoid [18]. Screw malposi-
tioning could also cause median nerve injury [19]. During scaphoid
fracture surgery, the screw placement, including its starting point and
direction, has typically been determined by the surgeon’s preference
and often appeared arbitrary. It might be a little far from the need of
modern accurate surgery. Nowadays, CT is becoming popular in com-
plicated diagnosis and follow-up treatment for scaphoid fractures [2,
20]. Jung et al. also analyzed the 3D scaphoid implant model to sim-
plify the data interpretation on anteroposterior and lateral radio-
graphs, thereby providing safer guidance for screw positioning [21].
We hypothesized that there would exist the optimal implant location
for specific scaphoid facture planes, which would meet the require-
ments for the researcher’s findings, sufficient purchase and reasona-
ble relationship with the fracture, instead of surgeon’s subjective
opinion, based on virtually analyzing the CT data.

Materials and methods

We used the same raw data as our previous study [22]. Eight of our
colleagues took part in this investigation as the volunteers, including
six hand surgeons and two radiologists. Our hospital review board
approved this study (2019KY016). All volunteers were male, and
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mean age was 36 years (range, 31-44 years). Clinical examinations
didn'tinvoke any symptom and any impediment of the carpal motion,
posteroanterior and lateral radiographs didn’t show any abnormal
skeletons, and no any remarkable disorder history was recalled in
their upper limbs.

A computed tomography (CT) scanner (SOMATOM Definition
Flash, Siemens Medical, Forchheim, Germany) was used to obtain the
volume images for the volunteers'wrists at tube setting of a maximum
of 120 kVp and 100 mA and a slice thickness of 0.6 mm.

Volunteers were positioned prone on the CT table, with the right
arm stretched over the head, the shoulder abducted slightly and
flexed at about 120 degrees, the elbow flexed slightly, and the wrist
centered in gantry. During CT scanning, the volunteer’s position was
maintained with several pillows placed under the chest and arm to
ensure comfort, while only the wrist remained unconstrained.

Subjects actively moved their wrist to six extreme positions:
flexion, extension, radial deviation, ulnar deviation, pronation and
supination. Contiguous scanning was performed from the distal part
of the radius and ulna to the middle part of the metacarpus. Each
position was scanned independently for 7 seconds.

The wrist extreme position of palmar flexion was only chosen for
our study. We used Mimics 21.0 (Materalise, Leuven, Belgium) and a
reverse-engineering software (Geomagic Studio 2013, Geomagic Inc.,
North Carolina, USA) to deal with the CT DICOM files. This study was
further step toward continuing our previous non-contact regions of
proximal scaphoid in the stage of wrist extreme position of palmar
flexion [22].

All features except for the scaphoid and confined so-called
non-contact regions were concealed, and four fracture planes

were created. The proximal plane was created with two points
(palmar and dorsal) just proximal to the volar and dorsal points on
midcarpal lunate side, and the third point defined (through which
formed an approximately horizontal plane). Oblique waist plane was
created with three points on the dorsal ridge. Horizontal waist plane,
through the central part of orientation from the proximal to the distal,
was created approximately perpendicular to the scaphoid long axis.
The distal plane was created with three approximately horizontal
points onto the distal 1/3 part (Figure 1).

And then, cylinders with a diameter of 3 mm (mimicking outer
diameter of a commonly used cannulated screw) were created. Their
two polar (the distal and the proximal) central points were defined on
the osseous surface in the scaphoid. The longest cylinder was created
with two points (the distal and the proximal) and the diameter. The
distal point was the apex of the scaphoid tubercle, and the proximal
point was 2-mm radial deviation to the scapholunate ligament and
2-mm dorsal deviation to the proximal scaphoid apex. The sub-
longest cylinder was also created with two points and the diameter.
The distal point was the central point of the distal polar, and the
proximal point was just radial and dorsal deviation of the proximal
point in the longest cylinder in order that the sub-longest cylinder
just didn't intersect with the longest cylinder. Two cylinders
perpendicular to each fracture plane were created with its base point,
direction vector, height and diameter as follows. The central
perpendicular cylinder, of which base point was the central one of the
outline onto the fracture plane, and height was adjusted to make sure
two polar (the distal and the proximal) central points were defined
onto the osseous surface. The eccentric perpendicular cylinder,
whose base point lay on the fracture plane, was designed to satisfy

Figure 1. The proximal plane (row1) was created with two points (palmar and dorsal) just proximal to the volar and dorsal points on midcarpal lunate side,
and the third point defined (through which formed an approximately horizontal plane). Oblique waist plane (row2) was created with three points on the dorsal
ridge. Horizontal waist (row3), through the central part of orientation from the proximal to the distal, a plane was created perpendicular to the scaphoid long
axis. The distal plane (row4) was created with three approximately horizontal points onto the distal 1/3 part. Four cylinders regarding the different fracture plane
mimicking the implants (screw) were created, respectively (e, f). P = proximal, OW = oblique waist, HW = horizontal waist, D = distal. Six typical frames (a, b, ¢, d,
e, and f) were screenshotted to analyze. Overall viewing of frames a and b, all cylinders were completely inside the scaphoid and not cutting out of the cartilage.
On distal polar view (c), end points of all cylinders were clear. On proximal polar view (d), we could check whether the start point was inside the non-contact
region (blue area). Removing the distal fragment, relative position of the longest, sub-longest, central perpendicular, and eccentric perpendicular cylinders with
the fracture plane, and whether the cylinders would interfere with each other could be analyzed (e, f).



the following three conditions as much as possible: long fragment
purchase, no cut-out from the osseous surface, and the proximal end
located within non-contact regions (Figure 1).

Total cylinder length and its fragmental (inside the distal or the
proximal) length regarding to different fracture planes were recorded.
The fragmental (inside the distal or the proximal) length of the
orthographic projections regarding the fracture plane of the longest
and sub-longest cylinders were also recorded. Whether the cylinders
intersected with each other were observed and recorded. Whether
the proximal end of the cylinders was inside the non-contact regions
of proximal scaphoid and the trajectory of the cylinders was inside
the central zone regarding the fracture planes of the scaphoid were
also observed and recorded (Figure 1). We also recorded the scaphoid
morphological types, full (Type ) and slender (Type Il) as mentioned
by Morsy et al. [23].

Simple statistical method (paired-t test) performed using Excel
2013.The mean, standard deviation, and count of selected parameters
were calculated, and a significance level of p < 0.05 was set.

Results

From gross inspection, six volunteers (No.1, 2, 3, 4, 7, 8) had full or
type | scaphoids and two (No.5, 6) had slender or type Il scaphoids.
The longest cylinder (28.5 + 1.6 mm) was significantly longer than the
sub-longest cylinder (25.4 = 1.4 mm) (p < 0.01), of which the vertical
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components (26.1 £ 2.1 mm vs. 24.5 + 1.7 mm) showed the same ten-
dency (p < 0.01) (Table 1). Their proximal ends all located inside
non-contact regions of the scaphoid proximal surface (Table 4), and
no intersection between these two cylinders was found inside the
scaphoid and onto its surface (Tables 2, 3, and 5). Regarding the prox-
imal fracture plane, the proximal part (inside the proximal fracture
fragment) of the longest cylinder was 5.1 £ 0.8 mm, and the distal
part (inside the distal fracture fragment) was 23.5 + 2.1 mm, and their
vertical components were 4.6 + 0.7 mm (proximal) and 21.4 £ 2.5 mm
(distal). The proximal part of the sub-longest cylinder was 3.0 £ 1.1
mm, and the distal part was 22.4 + 1.9 mm, and their vertical compo-
nents were 2.9 £ 1.0 mm (proximal) and 21.6 + 2.0 mm (distal). The
central perpendicular cylinder was 19.9 + 8.6 mm, of which the prox-
imal part was 4.2 £ 0.6 mm and the distal part was 15.7 £ 8.5 mm.The
eccentric perpendicular cylinder was 20.7 £ 6.0 mm, of which the
proximal part was 3.5 + 1.1 mm and the distal part was 17.2 + 6.1 mm.
There were no available positions for the eccentric perpendicular cyl-
inders in two volunteers (Table 1). Their proximal ends were all located
inside non-contact regions of the scaphoid proximal surface (Table 4).
The central perpendicular cylinder intersected with the longest cylin-
der, and the eccentric perpendicular cylinder didn't (Tables 2, 3, and
5).

Regarding the oblique waist fracture plane, the proximal part
of the longest cylinder was 15.2 + 1.3 mm, and the distal part was 13.3
+ 2.3 mm, and their vertical components were 10.6 £ 1.2 mm

Table 1. Total length and fragmental-inside length of cylinders regarding each fracture plane (mm).

Fracture Sample Longest/Vertical component

Sub-longest/Vertical component

Central perpendicular  Eccentric perpendicular

plane Total Proximal Distal Total Proximal Distal Total Proximal Distal Total Proximal Distal
Proximal 1 30.9/26.6 5.4/4.6 25.5/22.0 26.0/24.5 3.0/2.9 23.0/21.6 10.0 4.1 5.9 22.1 2.2 19.9
2 28.8/27.0 6.1/5.7 22.7/21.3 26.6/25.9 4.4/4.3 22.2/21.6 25.7 5.0 20.7 24.0 4.3 19.7
3 28.8/26.8 4.7/4.4 24.1/22.4 25.8/25.7 2.6/2.6 23.2/23.1 26.7 4.1 226 9.0 4.0 5.0
4 28.3/28.0 4.8/4.8 23.5/23.2 26.2/25.8 3.4/33 22.8/22.5 26.7 4.8 21.9 26.2 49 213
5 30.1/29.0 3.3/3.2 26.8/25.8 27.0/26.1 1.0/0.9 26.0/25.2 27.2 3.1 24.1 NA NA NA
6 28.1/23.4 5.2/4.4 22.9/19.0 24.2/21.9 2.9/2.7 21.3/19.2 8.9 3.8 5.1 21.4 2.7 18.7
7 25.4/24.2 5.5/5.2 19.9/19.0 23.0/22.7 2.8/2.8 20.2/19.9 243 4.6 19.7 NA NA NA
8 27.9/23.4 5.6/4.7 22.3/18.7 24.6/23.0 3.7/34 20.9/19.6 9.9 4.0 5.9 21.6 29 18.7
Mean 28.5/26.1 5.1/4.6 23.5/21.4 25.4/24.5 3.0/2.9 22.4/21.6 19.9 4.2 15.7 20.7 3.5 17.2
SD 1.6/2.1 0.8/0.7 2.1/2.5 1.4/1.7 1.1/1.0 1.9/2.0 8.6 0.6 8.5 6.0 1.1 6.1
Sulcus 1 30.9/20.2 14.6/9.5 16.3/10.7 26.0/20.7 10.8/8.6 15.2/12.1 21.2 8.2 13.0 18.8 7.4 11.4
2 28.8/19.3 15.4/10.3 13.4/9.0 26.6/20.2 11.2/8.5 15.4/11.7 21.3 10.0 1.3 16.9 10.0 6.9
3 28.8/23.1 15.5/12.4 13.3/10.7 25.8/23.6 11.3/10.3 14.5/13.3 23.0 10.5 12.5 20.1 10.0 10.1
4 28.3/22.5 14.7/11.7 13.6/10.8 26.2/22.8 12.2/10.6 14.0/12.2 20.2 9.0 11.2 19.9 9.5 104
5 30.1/18.9 16.5/10.4 13.6/8.5 27.0/19.5 11.6/8.4 15.4/11.1 15.5 10.0 5.5 10.5 6.7 3.8
6 28.1/19.1 12.9/8.8 15.2/10.3 24.2/18.5 8.7/6.7 15.5/11.8 124 6.9 5.5 NA NA NA
7 25.4/17.3 17.1/11.6 8.3/5.7 23.0/17.5 11.6/8.8 11.4/8.7 18.4 10.8 7.6 18.7 12.6 6.1
8 27.9/18.2 15.0/9.8 12.9/8.4 24.6/19.7 11.1/8.9 13.5/10.8 174 7.5 9.9 19.0 8.7 10.3
Mean 28.5/19.8 15.2/10.6 13.3/9.3 25.4/20.3 11.1/8.9 14.4/11.5 18.7 9.1 9.6 17.7 9.3 8.4
SD 1.6/2.0 1.3/1.2 2.3/1.8 1.4/2.0 1.0/1.2 1.4/1.3 3.5 14 3.0 3.3 1.9 2.8
Waist 1 30.9/27.9 14.2/12.8 16.7/15.1 26.0/25.2 11.4/11.0 14.6/14.2 23.0 9.7 13.3 23.8 11.2 12.6
2 28.8/27.3 14.6/13.7 14.2/13.5 26.6/25.7 12.6/12.2 14.0/13.5 24.6 12.6 12.0 22.7 12.5 10.2
3 28.8/27.7 15.6/15.0 13.2/12.7 25.8/25.4 12.7/12.5 13.1/12.9 259 129 13.0 26.2 13.6 12.6
4 28.3/27.7 12.9/12.6 15.4/15.1 26.2/24.3 11.7/10.9 14.5/13.4 26.1 13.4 12.7 NA NA NA
5 30.1/27.5 14.3/13.1 15.8/14.4 27.0/26.1 12.2/11.8 14.8/14.3 24.6 10.3 14.3 NA NA NA
6 28.1/23.3 13.9/11.5 14.2/11.8 24.2/21.9 11.1/10.0 13.1/11.9 18.7 7.3 1.4 19.3 9.0 10.3
7 25.4/23.4 14.3/13.1 11.1/10.3 23.0/22.8 11.4/11.3 11.6/11.5 21.5 10.3 11.2 NA NA NA
8 27.9/27.2 12.5/12.2 15.4/15.0 24.6/24.6 10.9/10.9 13.7/13.7 20.7 7.8 129 25.1 104 14.7
Mean 28.5/26.5 14.0/13.0 14.5/13.5 25.4/24.5 11.8/11.3 13.7/13.2 23.1 10.5 12.6 234 11.3 12.1
SD 1.6/2.0 1.0/1.0 1.8/1.8 1.4/1.5 0.7/0.8 1.1/1.0 2.6 23 1.0 2.7 1.8 1.9
Distal 1 30.9/29.0 19.2/18.0 11.7/11.0 26.0/25.1 16.0/15.5 10.0/9.6 24.1 15.7 8.4 23.8 16.7 7.1
2 28.8/26.6 17.2/15.9 11.6/10.7 26.6/26.0 15.3/14.9 11.3/11.1 23.8 13.6 10.2 NA NA NA
3 28.8/26.0 18.3/16.5 10.5/9.5 25.8/25.7 15.5/15.4 10.3/10.3 243 13.9 10.4 NA NA NA
4 28.3/28.1 17.3/17.2 11.0/10.9 26.2/25.9 16.1/15.9 10.1/10.0 26.8 17.0 9.8 NA NA NA
5 30.1/29.5 19.1/18.7 11.0/10.8 27.0/26.9 17.3/17.2 9.7/9.7 26.9 17.2 9.7 NA NA NA
6 28.1/27.3 16.8/16.3 11.3/11.0 24.2/24.0 14.3/14.2 9.9/9.8 23.6 13.8 9.8 225 13.7 8.8
7 25.4/23.4 18.3/16.8 7.1/6.6 23.0/22.8 15.2/15.1 7.8/7.7 22.2 14.4 7.8 21.7 14.1 7.6
8 27.9/27.4 17.4/17.1 10.5/10.3 24.6/24.3 15.3/15.1 9.3/9.2 24.0 15.8 8.2 NA NA NA
Mean 28.5/27.2 18.0/17.1 10.6/10.1 25.4/25.1 15.6/15.4 9.8/9.7 24.5 15.2 9.3 22.7 14.8 7.8
SD 1.6/1.9 0.9/0.9 1.5/1.5 1.4/1.3 0.9/0.9 1.0/1.0 1.6 14 1.0 1.1 1.6 0.9

NA: Not available.
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Table 2. Distances between two base points of cylinders on the fracture plane regarding each fracture plane.

Sample Proximal Sulcus Waist Distal
C1&C2 C1&C3 C1&C4 C3&C4 C1&C2 C1&C3 C1&C4 C3&C4 C1&C2 C1&C2 C1&C3 C1&C4 C1&C2 C1&C3 C1&C4 C3&C4

1 4.0 1.9 5.0 3.1 3.6 49 7.0 2.1 33 4.0 5.6 3.6 3.6 5.0 7.0 2.7
2 33 1.7 33 1.6 4.7 4.8 8.6 42 3.6 4.0 6.9 3.2 3.8 4.6 N N
3 4.3 1.9 3.6 2.2 4.1 39 6.5 2.7 3.8 2.7 3.6 1.4 4.2 3.5 N N
4 3.8 2.7 3.8 1.3 3.8 5.7 6.6 1.9 3.5 4.5 N N 3.6 4.1 N N
5 4.2 1.2 N N 54 5.6 7.6 3.0 4.1 3.2 N N 43 3.8 N N
6 3.2 1.2 3.9 3.0 3.9 4.4 N N 33 3.2 3.5 3.1 3.6 1.9 3.1 1.2
7 3.1 1.1 N N 4.8 4.7 7.9 4.4 34 3.0 N N 4.0 3.5 4.0 0.5
8 3.1 24 3.8 2.8 4.0 54 53 2.2 3.2 5.8 1.8 4.1 3.8 5.1 N N
Mean 3.6 1.8 3.9 23 43 49 7.1 29 35 3.8 4.3 3.1 3.9 3.9 4.7 1.5
SD 0.5 0.6 0.6 0.8 0.6 0.6 1.1 1.0 0.3 1.0 2.0 1.0 0.3 1.0 2.0 1

C1: the longest cylinder, C2: sub-longest cylinder, C3: central perpendicular cylinder, C4: eccentric perpendicular cylinder; N: not available.

(proximal) and 9.3 + 1.8 mm (distal). The proximal part of the
sub-longest cylinder was 11.1 + 1.0 mm, and the distal part was 14.4 +
1.4 mm, and their vertical components were 8.9 + 1.2 mm (proximal)
and 11.5 £ 1.3 mm (distal). The central perpendicular cylinder was
18.7 £ 3.5 mm, of which the proximal part was 9.1 = 1.4 mm and the
distal part was 9.6 = 3.0 mm. The eccentric perpendicular cylinder was
17.7 £ 3.3 mm, of which the proximal part was 9.3 = 1.9 mm and the
distal part was 8.4 + 2.8 mm. The vertical components of the longest
and the sub-longest cylinders were significantly longer than the
central and eccentric perpendicular cylinders (p < 0.01, Table 1). There
was no available position for the eccentric perpendicular cylinder in
one volunteer (Table 1). The proximal ends of three central
perpendicular cylinders and all seven eccentric perpendicular
cylinders were located inside non-contact regions of the scaphoid
proximal surface (Table 4). The central perpendicular and the eccentric
perpendicular cylinders didn't intersect with the longest cylinders
(Tables 2, 3, and 5).

Regarding the horizontal waist fracture plane, the proximal part of
the longest cylinder was 14.0 £ 1.0 mm, and the distal part was 14.5 £
1.8 mm, and their vertical components were 13.0 + 1.0 mm (proximal)
and 1.5 £ 1.8 mm (distal). The proximal part of the sub-longest
cylinder was 11.8 £ 0.7 mm, and the distal part was 13.7 = 1.1 mm,
and their vertical components were 11.3 + 0.8 mm (proximal) and
13.2 + 1.0 mm (distal). The central perpendicular cylinder was 23.1 £
2.6 mm, of which the proximal part was 10.5 + 2.3 mm and the distal
part was 12.6 + 1.0 mm.The eccentric perpendicular cylinder was 23.4
+ 2.7 mm, of which the proximal part was 11.3 = 1.8 mm and the distal
part was 12.1 £ 1.9 mm. The vertical components of the longest and
the sub-longest cylinders were significantly longer than the central
perpendicular cylinders (p < 0.01, Table 1). There were no available
positions for the eccentric perpendicular cylinders in three volunteers
(Table 1). The proximal ends of seven central perpendicular cylinders
and all five eccentric perpendicular cylinders were located inside
non-contact regions of the scaphoid proximal surface (Table 4). Three
central perpendicular and none of the eccentric perpendicular
cylinders intersected with the longest cylinders (Tables 2, 3, and 5).

Regarding the distal fracture plane, the proximal part of the longest
cylinder was 18.0 + 0.9 mm, and the distal part was 10.6 + 1.5 mm, and
their vertical components were 17.1 + 0.9 mm (proximal) and 10.1 £ 1.5
mm (distal). The proximal part of the sub-longest cylinder was 15.6 £
0.9 mm, and the distal part was 9.8 £ 1.0 mm, and their vertical
components were 15.4 + 0.9 mm (proximal) and 9.7 + 1.0 mm (distal).
The central perpendicular cylinder was 24.5 + 1.6 mm, of which the
proximal part was 15.2 + 1.4 mm and the distal part was 9.3 = 1.0 mm.
The eccentric perpendicular cylinder was 22.7 + 1.1 mm, of which the
proximal part was14.8 + 1.6 mm and the distal part was 7.8 £ 0.9 mm.
Only the vertical components of the longest cylinders were significantly
longer than the central perpendicular cylinders (p < 0.05, Table 1). There
were no available positions for the eccentric perpendicular cylinders in
five volunteers (Table 1). All the proximal ends were located inside non-
contact regions of the scaphoid proximal surface (Table 4). Two central
perpendicular and none of the eccentric perpendicular cylinders
intersected with the longest cylinders (Tables 2, 3, and 5).

The longest cylinders, mostly (six in eight) went through the
central proximal fracture plane, and none through the central of
other three fracture planes. Among the sub-longest cylinders, three
out of eight passed through the central proximal and waist fracture
planes, five out of eight through the central sulcus fracture plane, and
six out of eight through the central sulcus fracture plane, and six in
eight through the central distal fracture plane (Tables 5).

Discussions

The longest cylinder (28.5 £ 1.6 mm) and the sub-longest cylinder
(25.4 £ 1.4 mm) were a little shorter than the anatomic scaphoid
(31.3 £ 2.1 mm) by Heinzelmann AD et al. [24], owing to two different
end points to measure. Six volunteers had full or type | scaphoids and
two had slender or type Il scaphoids, which was the similar observa-
tion to the literature [23].

Four planes were created on the 3D scaphoid models calculated
from the CT raw data as aforementioned to simulate the most popular
classification of scaphoid fractures, and in the light of recent

Table 3. Distances between two base points of cylinders on the proximal surface regarding each fracture plane.

Sample Proximal Sulcus

C1&C2 C1&C3 C1&C4 C3&C4 C1&C2 C1&C3 C1&C4 C3&C4 C1&C2 C1&C2 C1&C3 C1&C4 C1&C2 C1&C3 C1&C4 C3&C4

1 5.1 3.8 6.8 37 5.1 10.0 9.6 22
2 3.6 24 3.6 1.7 3.6 8.1 4.7 4.2
3 5.7 2.7 3.4 2.2 5.7 7.7 7.2 2.7
4 4.2 2.2 3.2 1.3 4.2 9.5 8.0 2.0
5 4.3 0.3 N N 4.3 8.6 10.8 4.5
6 3.9 3.8 6.9 3.2 3.9 8.7 N N

7 4.2 1.6 N N 4.2 9.0 4.8 4.8
8 3.8 35 6.3 30 3.8 1.3 9.0 25
Mean 44 25 5.0 7.0 44 9.1 7.7 33
SD 0.7 1.2 1.8 11.3 0.7 1 23 1.2

Waist Distal
5.1 7.6 4.8 3.9 5.1 52 34 29
3.6 2.9 3.3 3.2 3.6 6.3 N N
5.7 5.0 4.0 1.6 5.7 8.0 N N
4.2 3.8 N N 4.2 3.6 N N
43 6.9 N N 43 3.8 N N
3.9 10.7 7.5 3.6 3.9 4.8 4.6 1.2
4.2 6.4 N N 4.2 5.9 6.2 0.6
3.8 8.7 43 49 3.8 3.2 N N
4.4 6.5 4.8 34 4.4 5.1 4.7 1.6
0.7 2.6 1.6 1.2 0.7 1.6 1.4 1.2

C1: the longest cylinder, C2: sub-longest cylinder, C3: central perpendicular cylinder, C4: eccentric perpendicular cylinder; N: not available.



JOURNAL OF PLASTIC SURGERY AND HAND SURGERY 186

Table 4. Positions of the proximal end of cylinders regarding each fracture plane, inside (Yes) or outside (No) the non-contact regions of proximal scaphoid.

Sample Proximal Sulcus

C1 2 c3 c4 (@ 2 (e} c4 @ (@) a c4 1 2 c3 c4
1 Yes Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes Yes
2 Yes Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes NA
3 Yes Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes Yes NA
4 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes NA Yes Yes Yes NA
5 Yes Yes Yes NA Yes Yes No Yes Yes Yes Yes NA Yes Yes Yes NA
6 Yes Yes Yes Yes Yes Yes Yes NA Yes Yes No Yes Yes Yes Yes Yes
7 Yes Yes Yes NA Yes Yes No Yes Yes Yes Yes NA Yes Yes Yes Yes
8 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes NA
Yes 8 8 8 6 8 8 3 7 8 8 7 5 8 8 8 3
No 0 0 0 0 0 0 5 0 0 0 1 0 0 0 0 0
NA 0 0 0 2 0 0 0 1 0 0 0 3 0 0 0 5

C1:the longest cylinder, C2: sub-longest cylinder, C3: central perpendicular cylinder, C4: eccentric perpendicular cylinder; NA: not available.

biomechanical contribution to the scaphoid studies four cylinders
mimicking the cannulated implants regarding every fracture plane
were created for further measurement [12-16, 18]. Both the longest
cylinder and the sub-longest cylinder were consistent with the
principle that long purchase and central placement contribute
substantially to interfragmentary stability [11, 12]. The central
perpendicular cylinder and the eccentric perpendicular cylinder were
based on the concept that a perpendicular implant would genenrate
high compressive force [18]. If no intersection occurs, two cylinders
would enhance compression of two fragments and resistance to
interfragmental rotation.

Definition of ‘proximal’in proximal scaphoid fracture affected the
risk of non-union [25]. The inner proximal part length (3.0-5.1 mm)
regarding our experimental proximal fracture plane was insufficient
to maintain the fragment stability (Table 1), while considering the
screw purchase inside the 2-mm subchondral region would yield
effective stability [13]. Moreover, mechanical advantage from distal
fragmentary long level arm would increase the proximal fragmental
resistance to keep whole bone solidation. Interfacial micro-motion
might occur and increase the risk of non-union. The cannulated
implant would not be suitable for the proximal and especially very
proximal scaphoid fracture.

About two-thirds scaphoid fractures occur in the waist area [26].
Regarding the non-displaced and mini-displaced scaphoid waist
fractures, there are still no concrete evidence within the literature to
prefer early operative intervention or conservative management in a
cast [27-31]. While surgery for scaphoid fractures is indicated,
physician should optimize implant location to improve the efficiency
of rigid fixation. We simulated two fracture planes in the waist, via
sulcus and almost transverse. Four cylinders had about 8 mm inside

fragmental purchase, including the vertical component of the oblique
(the longest and sub-longest) cylinders (Table 1). The proximal ends
of all oblique cylinders were located within the non-contact area,
whereas some of the perpendicular cylinders (central and eccentric)
were not (Table 4). Except for the central perpendicular cylinder, none
of the others were not all in the central part of the fracture plane
(Table 5). While both cylinders went through the central part, they
would intersect with each other (Tables 3 and 5). Our study
demonstrated that two screws meeting the following conditions for
scaphoid waist fractures could be put into practice. The screws should
be introduced into the fragments through dorsal approach and no
contact region, and there should be no intersection, and much inside
purchase (oblique, and perpendicular or as perpendicular as possible).
Preoperative CT data could be calculated to render the 3D model,
through which we usually observed and simply analyzed visually to
get the morphological information of the scaphoid fractures to make
the operative plan. For conventional open surgery, visual registration
could be guaranteed with the full exposure of the targeting tissue
and organ. However, scaphoid was encompassed by the distal radius,
the lunate, the capitate, the trapezium, and the trapezoid, which
impeded the full exposure without damaging the adjacent structures.
Moreover, the tenuous blood supply mainly originating from the
dorsal septa limited full exposure at the surgeon’s discretion. We used
the reverse engineering softwares, such as Geomagic Studio to
virtualize optimum location of the implants, with the aim of
minimizing or avoiding compromise to the aforementioned factors..
Currently, we could through mini-incision percutaneously insert
implants monitored under fluoroscan. We anticipated much specific
and accurate remedy with computer-aided navigation in accordance
with our in vivo virtual investigation.

Table 5. Relations of cylinders regarding each fracture plane with the longest cylinder and outlines of each fracture plane.

Sample Proximal Sulcus Waist Distal

1 2 c3 c4 1 (@) a c4 (@] (@) a3 c4 (@] (@) a3 c4
1 b b c/d b b c C b b b c a a b b b
2 C C c/d C b C C b b C c/d b b C C NA
3 C b c/d c b c C b b C c/d C b C c NA
4 C C c/d C b C C d b b c NA b C C NA
5 C a c/d NA b c C b b C c NA a C C NA
6 C b c/d b b b C NA b b c/d b b b c/d C
7 C b c/d NA b b C b b b c NA b C c/d C
8 b C c/d b a a C b a a c b a C C NA
a 0 1 0 1 1 0 0 1 1 0 1 3 0 0 0
b 2 4 3 7 2 0 6 7 4 0 3 5 2 1 1
C 6 3 8 3 0 5 8 1 0 3 8 1 0 6 7 2
d 0 0 /8 0 0 0 0 0 0 0 /3 0 0 0 /2 0
NA 0 0 2 0 0 0 1 0 0 0 3 0 0 0 5

C1:the longest cylinder, C2: sub-longest cylinder, C3: central perpendicular cylinder, C4: eccentric perpendicular cylinder; a: near edge of the outline of fracture
plane (outer 1/3), b: between the edge and central area of the outline of fracture plane, c: central area of the outline of fracture plane (central 1/3), d: intersected

with the longest cylinder; NA: not available.
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As for our simulated distal fracture, all cylinders had sufficient
fragmental purchase, except for the eccentric perpendicular, of which
five cases were not available. The distal scaphoid anatomically
extending toward volar and radial side [32], and implant through
dorsal approach and non-contact region orientating along with the
long axis of the scaphoid might contribute to our findings.

Scaphoid was also named as navicular bone for its special shape,
which adaptively resulted from kinematic role in wrist motion,
articulations with the adjacent carpals and restriction by attached
ligaments. Each scaphoid might exhibit some specific morphological
feats [23, 33], and we physicians should take into consideration, the
screw placement having good purchase and not cutting and
penetrating the cartilage surface, especially in two screws implanted.
While moving the wrist, scaphoid was forced and restrained to
extend, flex, ulnar-deviate, radial-deviate, rotate, and sweep
(changing the scaphoid centroid), which would result in need of
multiple-directional resistance and constrain to the inter-fragmentary
motion. Two screws not exactly perpendicular to fracture plane could
be the optimal selection. In clinical practice, when two screws were
preference, we would compromise among the precise central zone,
thelength as long as possible, and the perpendicularity to the fracture
plane. No intersection with each other and sufficient purchase
(vertical component to the fracture plane) would be taken in the
mind.

With assistance of the reverse-engineering software (Geomagic
Studio), we successfully simulated and analyzed the implant location
in scaphoid fractures. We Physicians understand and master the
relevant software could enhance the accurate surgical procedures.
We should not only read the primary images, such as X-rays films and
CT images but also use the software to simulate and analyze the
patient-specific raw data.

Our study had some limitations. We did not randomize selection
of the enrollees, and all volunteers were from the same age-span, all
male and all doctors. The fracture planes were created with self-
defined points and vectors, to mimic common clinical scaphoid
fracture types. As for the specific analysis, these limitations might
have little effect on the results and conclusions.
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