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Background: The clavicle presents a large variability in its characterizing sigmoid shape. Prominent and
nonproperly fitting fixation plates (FP) cause soft tissue irritation and lead to hardware removal. It is there-
fore key in FP design to account for shape variations. Statistical shape models (SSMs) have been built to
analyze a cluster of complex shapes. The goal of this study was to describe the anatomic variation of the
clavicle using SSMs.

Methods: Two different SSMs of the clavicle were created, and their modes of variation were described.
One model contained 120 left male and female clavicles. The other model consisted of 76 left and cor-
responding right clavicles, 41 originating from men and 35 from women.

Results: The model of 120 left clavicles showed that 10 modes of variation are necessary to explain 95%
of the variation. The most important modes of variation are the clavicle length, inferior-superior bow, and
medial and lateral curvature. Statistically significant differences between male and female clavicles were
seen in length, sigmoid shape, and medial curvature. Comparison in men between left and right revealed
significant differences in length and medial curvature. For women, a statistically significant difference between
left and right was only seen in the length.

Conclusions: Although the operative treatment of displaced midshaft clavicular fractures has clear ben-
efits, the variable anatomy of the clavicle often makes it challenging for the surgeon to make the plate fit
adequately. Based on the identified variability in the clavicle’s anatomy, it seems unlikely that a clavicle
plating system can fit the entire population.
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Clavicular fractures are common injuries with an inci-
dence of up to 71 per 100,000 persons per year,'* The middle
third of the clavicle is where 65% to 71% of these fractures
occur.? In the past, these midshaft fractures were mostly
treated conservatively.”” However, recent high-quality evi-
dence supports the practice of operative treatment for displaced
midshaft clavicular fractures.** Fixation plates or intramed-
ullary nails can be used for the operative treatment of midshaft
clavicular fractures.*"

Both techniques have advantages and disadvantages, but
the most common complication of plate osteosynthesis is soft
tissue irritation, typically resulting in implant removal. Large
retrospective studies show that these removal rates are between
15% and 18.8%, and some authors even report removal rates
up to 53%.7>*%* Naimark et al*® also demonstrated that this
hardware removal is associated with worse long-term clini-
cal outcomes. Several authors have suggested positioning the
clavicle plate anteroinferior to reduce implant related
complications.”'>'”?” Although the scientific evidence sug-
gests that an anteroinferior position could be associated with
a decreasing incidence of symptomatic hardware removal, it
is associated with a more extensive muscle dissection, and
most available plates are designed for a superior position.'”

The renewed interest in midshaft clavicular fracture fixa-
tion has led to several anatomic studies that have focused on
how current plates fit the clavicle.*'** All of these studies in-
vestigated the fitting of superiorly positioned plates and showed
that the current plates poorly fit the clavicle, which might be
a contributing factor to the high hardware removal rates.

Several authors used advanced 3-dimensional analysis
methods to study the clavicle’s anatomy to improve
implant design and reduce hardware related complications.>'**
These studies demonstrate that the shape of the clavicle is
highly variable and that current plates only have an
optimal fit for a limited part of the population. However, the
currently available studies do not systematically describe the
statistical variations of the anatomic shape or identify rela-
tionships that exist between features of the anatomic shapes.

A statistical shape model (SSM) is a model that repre-
sents the mean shape of a population and its modes of
variation. These SSMs have been used to describe shape varia-
tions in the population.'”***' Principal component (PC)
analysis (PCA) is used to create these models. This mathe-
matic technique separates interrelated variables into a set of
linearly independent variables or modes of variation and there-
fore allows related geometries within one component to be
shown.'” Few studies have used SSMs to describe the shape
variations of the clavicle, and these studies used only a limited
set of samples.'®*

Therefore, the primary goal of this study was to describe
the variability in the shape of the clavicle through SSM. The
secondary goal was to describe differences between men and
women, and left and right clavicles.

Materials and methods

Data

A database with clavicles was set up, and 100 anonymized foren-
sic CT scans were obtained and screened by a medical doctor (M.H.)
for abnormalities in the clavicle. No pathologic signs were seen on
the CT scans for 82 left and 81 right clavicles. From the Universi-
ty Hospital Leuven, we obtained 13 additional anonymized CT scans
from the thorax and shoulder containing left clavicles and in which
no clavicle pathologies were present.

The CT scans were segmented in Mimics 19 software (Mimics
Innovation Suite; Materialise, Leuven, Belgium) and exported as STL
(stereolithography) files. Twenty-five left historically available dry
clavicles were obtained from the Anatomy Skills Center (KU Leuven,
Leuven, Belgium) and laser scanned (LC60Dx; Nikon Metrology,
Leuven, Belgium). The resulting point clouds were then meshed to
the STL format using 3-Matic 12 (Mimics Innovation Suite) and
added to the group of 95, resulting in 120 left clavicles. These were
first manually aligned and then automatically aligned using a best
fit algorithm in 3-Matic.

SSM technique

An SSM describes the geometric variations or modes of variation of
a set of shapes, such as a set of clavicles. To create such an SSM, a
1-on-1 mesh correspondence between all bones was first obtained by
a nonrigid surface registration algorithm. During this process, a se-
lected source clavicle mesh was registered to all other clavicle meshes
in the data set. The registration algorithm was based on Danckaers
et al’ and was implemented in MATLAB (MathWorks, Natick, MA,
USA). Secondly, a Procrustes analysis® was performed to align the
registered clavicles with the source. Finally, an SSM was generated
using PCA. In PCA, the mean clavicle shape and its modes of vari-
ation or PCs were calculated. An important property of these PCs is
that they are independent from each other. Each clavicle can then be
described by the SSM using formula (1), in which y is a random clav-
icle mesh, X is the mean clavicle mesh, w corresponds to a weighting
factor and p denotes the mode of variation or PC.

y=X+Y wip e
i=1
Two SSMs were built: a model consisting of all left clavicles
(n = 120) and a model consisting of 152 clavicles. The latter con-
sisted of 76 left and their corresponding right clavicles, of which
41 clavicles came from men and 35 from women.
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Figure 1  Superior and anterior view on the mean clavicle of the
statistical shape model with the marked medial, lateral, and supe-
rior region of interest.

Description of the PCs

The anatomic description was done for the first 5 PCs. Firstly, the
standard deviation (SD) of the weighting factors was calculated for
each component. Secondly, to visualize the influence of one par-
ticular PC on the mean clavicle, point clouds were generated from
the SSM for which only that particular PC was given a weighting
factor of =3 SDs and +3 SDs. To describe the PCs, several anatom-
ic parameters were measured using MATLAB. These parameters are
length, medial, lateral, and superior radius from a specific region
of interest, as shown in Fig. 1. The measurements were performed
in a semiautomated way to improve the reliability and repeatabil-
ity. The length was measured by first calculating the inertia axis of
each clavicle.” Then, the clavicle and its inertia axes were aligned
with the world coordinate system, and the difference between the
maximal and minimal value along the longitudinal axis was used
as the length of the clavicle. The medial, lateral, and superior cur-
vature regions were first marked on the average clavicle of each SSM.

Because meshes built with the SSM are 1-on-1 corresponding,
coordinate indices of the regions of interest of the mean clavicles
correspond to the same region in any other mesh resulting from that
SSM. Therefore, a MATLAB script (Supplementary Appendix S1)
was used to automatically select the regions of interest in each point
cloud of the first 5 modes of variation (-3 SD to +3 SD) and to fit
a sphere in each region.'® This sphere was then used to describe the
radius of each region (Fig. 2).

Evaluation of the SSMs

Evaluation of the SSMs was performed by assessing the model com-
pactness and generalization. The model compactness is a measure

Figure 2  Fitted sphere in second principal component —3 stan-
dard deviations (left) and +3 standard deviations (right).

of the model’s efficiency and corresponds to the number of PCs re-
quired to describe a fixed preset percentage of variation.®
Generalization is a measure of how well a random clavicle can be
described by the model.”* The latter was performed by a leave-one-
out reconstruction and measuring the average distance between the
reconstructed and original clavicle. Reconstruction was performed
using an increasing number of PCs.

Evaluation of the variation in anatomy

To evaluate the variation in anatomy, the model consisting of 152
clavicles was used. In addition to the measurements to describe the
principal components, 2 generalization graphs were plotted: the first
containing the mean geometric error of female left, female right,
male left, and male right reconstructed clavicles, and the second con-
taining the mean geometric error of male, female, left, and right
reconstructed clavicles. Paired and unpaired 7 tests were per-
formed in MATLAB to test for significant differences (P <.05) in
weighting factors of the PCs between side and sex, respectively.

Results

Variation of the clavicle anatomy (120 left
clavicles)

Evaluation of the statistical shape model

Fig. 3 shows the compactness and generalization graphs of
the SSM that included 120 left clavicles. The compactness
graph shows that 10 PCs are required to explain 95% of the
variation. The first 5 PCs explain, respectively, 78.5%, 6%,
3.6%, 2.6%, and 1.5% of the total variation. Adding these
numbers gives 92.2% of the total variation being described.
The generalization graph shows that a random clavicle can
be reconstructed with an average accuracy of 0.33 mm.

Description of the PCs

The mean length was 150.8 mm, the mean radius of the medial
curvature was 79.5 mm, and the mean radius of the lateral
curvature was 42.9 mm. The effect of the PCs on the mean
clavicle can be seen in Fig. 4.

In the first PC, the length variation of the clavicle is most
prominent and varied between 184.1 mm (-3 SD) and
117.9 mm (43 SD). Within the first PC, the medial and lateral
curvature changed in function of the length. Larger clavicles
had larger medial and lateral curvatures, and smaller clavicles
had smaller medial and lateral curvatures (Table I).

In the second PC, the anatomic parameter that mainly varied
was the inferior-superior bending of the clavicle. It varied
between a strongly superiorly bowed clavicle (red clavicle
in Fig. 4), where the fitted sphere was positioned on the in-
ferior side of the clavicle and had a radius of 193 mm (-3 SD),
and a lesser inferiorly bowed clavicle (blue clavicle in Fig. 4),
where the sphere was fitted on the superior side of the clav-
icle and had a radius of 324 mm (+3 SD; Fig. 2).

In the third PC, the variation is seen in the volume of the
clavicle. This is related to the medial and lateral curvature
in which clavicles with a smaller volume have a lesser bowed
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Figure 3  Evaluation of the statistical shape model containing 120 left clavicles. (A) Compactness of the statistical shape model showing

that 10 principal components explain 95% of the total variation. (B) Generalization graph. Our model allows a random clavicle to be re-

constructed with an average accuracy of 0.33 mm.
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Figure 4

Anterior view

Shape variations of the statistical shape model consisting of 120 left clavicles. The green clavicle is the mean clavicle and is the

same in all images. The red clavicles correspond with —3 standard deviations, and the blue clavicles correspond with +3 standard deviations

of the respective principal component.

medial (94.2 mm [+3 SD] vs. 68.5 mm [-3 SD]) and lateral
curvature (46.8 mm [+3 SD] vs. 34.8 mm [-3 SD]).

In the fourth PC, the largest variation is present in the
medial curvature of the clavicle (114.0 mm [-3 SD] vs.
62.0 mm [+3 SD]). The radius of the lateral curvature also
changes, but less prominently (49.7 mm [+3 SD] vs. 35.8 mm
[+3 SD].

In the fifth PC, the main variation is found in the lateral
curvature (55.2 mm [-3 SD] vs. 31.4 mm [+3 SD]). In this
component, a larger volume of the sternal part of the clavicle
is related to a straight shaped acromial side of the clavicle.

The detailed measurements of the described principal com-
ponents are provided in Table I.

Variation between men and women, left and right
(152 clavicles)

Evaluation of the SSM

In the SSM consisting of 152 clavicles, 9 components explain
95% of the variation. The first 5 components explain, re-
spectively, 78.7%, 6.3%, 3.1%, 2.7%, and 1.5% of the
variation. The generalization graphs in Fig. 5 show that the
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Table I  Description of the regions of interest of the statis-
tical shape model that consists of 120 left clavicles

Variable SD Medial Lateral Superior Length
radius radius radius* (mm)
(mm) (mm) (mm)
Mean 79.5 42.9 - 150.8
PC1 -3 94.3 52.1 - 184.1
+3 65.9 33.6 - 117.9
PC2 -3 81.0 44.2 193 151.7
+3 77.6 42.7 324 151.4
PC3 -3 68.5 34.8 - 147.8
+3 94.2 46.8 - 155.2
PC 4 -3 114.0 49.7 - 152.4
+3 62.0 35.8 - 150.6
PC5 -3 90.6 55.2 - 150.5
+3 71.0 31.4 - 151.7

SD, standard deviation; PC, principal component.

* The superior curvature is only given for PC 2 because the inferior/
superior bow of the clavicle only changed in this component. Note that
the 193-mm radius corresponds with the superior bowed (red) clavicle
in Fig. 4 and the 324-mm radius corresponds with the inferior bowed
(blue) clavicle in Fig. 4

variation between male left and right is similar, whereas there
is more variation in female right than in female left. In ad-
dition, Fig. 5 shows that there is more variation in male than
female clavicles and that the variation between left and right
clavicles is similar. Overall, a random clavicle can be recon-
structed with an average geometric error of 0.24 mm.

Description of the PCs

As can be seen in Fig. 6, PC 1 corresponds to a scaling factor
in length and thickness of the clavicle, and PC 2 corre-
sponds to the inferior-superior bow. The overall sigmoid shape
and diameter of the clavicle is visible in PC 3. In PC 4, vari-

——NMen left

16 = = Men right
........ Women |eft
=-=-Women right

08 3

Average geometric error (mm)
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o

0.4+

0.2

Number of principal components

Figure 5

ation in the medial curvature is present, whereas in PC 5,
variation in the lateral curvature is present. Absolute values
can be found in Table II.

Evaluation of sex and side differences

Looking at the weighting factors of each clavicle for the first
5 PCs reveals a statistically significant difference between male
left and right for PC 1 (P =.0322) and PC 4 (P =.00071).
Between women left and right, only a statistically signifi-
cant difference is seen in the weighting factor of the PC 1
(P =.0072). Comparison between the left clavicle of men and
women revealed statistically significant differences in the
weighting factor of the PC 1 (P =6.00 x 10~°) and PC 4
(P =.0065). The same weighting factors differed signifi-
cantly between men right (P = 1.35 X 107*) and women right
(P =3.95x10™*). An unpaired ¢ test between male and female
clavicles showed statistically significant differences in weight-
ing factors of PC 1 (P =2.91 x 107'%), PC 3 (P =.0292), and
PC 4 (P =9.59 x 10°). The mean clavicle length was
157.3 mm in men and 144.4 mm in women. A paired 7 test
between left and right showed statistically significant differ-
ences in weighting factors of PC 1 (P =.0011), PC2
(P =.0152) and PC 4 (P = 3.48 x 10#). The mean left clav-
icle has a longitudinal length of 152 mm, and the mean right
clavicle measures 150.7 mm.

Discussion

In this study we created 2 SSMs of the clavicle, the first to
describe the variation in the clavicle, the second to compare
male and female, left and right clavicles. The created SSMs
had excellent performances regarding their compactness and
generalization. The most important finding was that the medial
and lateral curvature varied largely in 4 of the first 5 PCs.
This means that a clavicle’s sigmoid shape is not only related

—Left
16 - = Right
........ Men
=-=-Women| |

Average geometric error (mm)
o
o

04

Number of principal components

Generalization graph of (A) men left, men right, women left and women right and (B) left, right, men and women.
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Figure 6

Anterior view

Shape variations of the statistical shape model consisting of 152 clavicles. The green clavicle is the mean clavicle and is the

same in all images. The red clavicles correspond with -3 standard deviations, and the blue clavicles correspond with +3 standard deviations

of the respective principal component.

Table IT  Description of the regions of interest of the statis-
tical shape model containing 152 clavicles

Variable SD Medial Lateral  Superior Length
radius radius radius* (mm)
(mm)  (mm)  (mm)
Mean 14.7 47.5 = 150
PC1 =3 90.7 53.8 - 182.4
+3 58.6 40.4 = 117.7
PC 2 -3 78.9 56.5 136 150.4
+3 70.8 40.4 365 150
PC3 =3 74.4 39 = 147.9
+3 74.1 56.5 = 153.7
PC 4 -3 109.6 59 - 151.7
+3 57.7 34.4 - 148.3
PC5 =3 65.3 33.3 = 151.5
3 87.6 50.9 - 149

SD, standard deviation; PC, principal component.
* The superior curvature is only given for PC 2 as the inferior /superior
bow of the clavicle only changed in this component.

to its length but that it is also an independent variable. Anal-
ysis of the side- and sex-specific models showed significant
differences in the weighting factors for the modes of varia-
tion between male and female and left and right clavicles.
Our models contained 120 left clavicles and 152 left and
corresponding right clavicles, which is a larger number than
other studies that used PCA to evaluate the shape of the clav-
icle (Daruwalla et al,'® 21 clavicles; Lu and Untaroiu,” 20
clavicles). When looking at the quality of our SSMs by evalu-
ating the generalization and compactness graphs (Fig. 3), we
see that Lu and Untaroiu® had a geometric error of 2 mm com-
pared with only 0.33 mm in our study. This indicates that a
random clavicle can be more accurately described by our SSM
than by earlier described models. Lambert et al*' did not report

any data about the generalization of their model. When looking
at the compactness graph of our 120 left clavicle model
(Fig. 3), the first PC accounted for 78.5% of variation. The
SSMs of Daruwalla et al'” and Lu and Untaroiu* showed that
the first PC explained 70.5% and only 31.9%, respectively.
We believe that these differences are mainly explained by the
small number of clavicles they included.

In the first PC the largest shape variation is seen in the
clavicle’s length, which is in accordance with the results of
previous studies.'**"** The second PC of our analysis shows
a large variation in the inferior and superior bending of the
clavicle. Although this bending is briefly mentioned in the
articles by Daruwalla et al'® and Lambert et al,”' its varia-
tion is not described. Aira et al” also described a large variation
in the inferior bending of the clavicle.

PCs 3, 4, and 5 of our study show varying medial and lateral
curvatures independent of the clavicle’s length. This is the
most important finding of our study because it implies that
the curved shape of the clavicle is not only determined by
its length but is also highly variable. These findings are re-
ported visually in the studies by Lu and Untaroiu** and
Daruwalla et al,'’ but are not quantified. However, as men-
tioned before, these 2 studies only included a small number
of clavicles (20 and 21 clavicles, respectively).'** The only
study, to our knowledge, that used PCA to describe the vari-
ation in clavicle anatomy and that included a large number
of clavicles (174 clavicles from 95 individuals) is the study
by Lambert et al.! However, their SSM was based on a region
of interest on the anterosuperior aspect of the clavicle and
not on the entire clavicle. They state in their conclusion that
the largest variation in clavicle anatomy is explained by the
length of the bone, which is in accordance to our and other
authors’ results.'”?"* However, they also state that because
the second and third PCs contribute less to the compactness
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of the model, the shape variations in these components are
less important for implant design. This assumption is, however,
contradicted by our results.

The SSM containing 152 clavicles consisting of 76 left and
corresponding 76 right clavicles, was created with the purpose
to detect sex and side differences. From the comparison between
male and female clavicles, it can be concluded that the average
female clavicle is smaller than the male clavicle, which other
authors'*!" have also reported. In addition, significant differ-
ences were found between male and female clavicles in PC 1,
PC 3, and PC 4. These differences might be explained by dif-
ferences in the muscle strength of men compared with women,
as hypothesized by Fatah et al.' The comparison between left
and right revealed statistically significant differences in length,
inferior/superior bow, and medial curvature. This is in contra-
diction with the study of Daruwalla et al,'’ in which no
significant differences were observed. This can, however, be
explained by the small subject group. Andermahr et al® also
reported on significant side differences in medial curvature,
which is in accordance with our results. In addition, a larger
variation is observed between men and women than between
left and right. We therefore advise that it is more important to
include male and female clavicles than to include left and right
clavicles in the SSM to describe the anatomic variation.

Furthermore, the percentage of explained variation is similar
in both models. The average geometric error from the gen-
eralization graph was 0.24 mm in case of the second model
(Fig. 5). At first sight, this model performs better than the
model of 120 left clavicles, but we should pay attention while
interpreting these results. Fig. 5 was obtained by a leave-
one-out experiment. Because the model contained a left and
right clavicle from the same patient, information about the
right side of the patient is still present in the model when de-
scribing the left side of this patient. Although significant side
differences were identified, the presence of the correspond-
ing side in the model might induce a certain bias.

The identified variation in the clavicle raises the ques-
tion how implants should be designed to assure a better fit
and thus to make sure less intraoperative contouring is nec-
essary. First, most clavicle fixation plates only possess the
sigmoid shape, but as indicated by the second PC, the bow
in the coronal plane also has an important contribution to the
variation. Plating systems should therefore also at least take
this variation into account. In addition, because the medial
and lateral radius vary independently from each other, the
sigmoid shape will not fit each clavicle. Moreover, no sex-
specific plates currently exist, although there is a difference
of 13 mm between the average male and female clavicle. In
a plating system designed to take into account 3 sizes of each
component, 3 to the power of 5 combinations would be pos-
sible, resulting in 243 plates. Therefore, the use of patient-
specific implants to reduce hardware irritation could be the
solution to avoid this complication.*

Our study has some limitations that need to be ad-
dressed. We chose to focus on the surface morphology because
this will determine the fit of a plate and did not provide any

information about the intramedullary canal or the cortical thick-
ness. Due to the anonymized patient data, we could not relate
any of the information regarding the shape to other pa-
tient’s characteristics, such as length, ethnicity, age, or hand
dominance.

One of the strengths of our study was the new method-
ology that was used to describe the morphologic parameters
of the different PCs. Several authors have used different
methods to describe the morphologic characteristics of the
clavicle.” We believe that because of the clavicle’s complex
individual geometry, aligning and orientating a group of
clavicles in a repeatable and methodologically correct way
would be very difficult. Computer-assisted measurement
methods allow researchers to make reliable and repeatable
measurements.

Conclusion

Although there are clear benefits for the operative treat-
ment of displaced midshaft clavicular fractures, the variable
anatomy of the clavicle often makes it challenging for the
surgeon to make the plate fit adequately. Based on the iden-
tified variability in the clavicle’s anatomy, it seems unlikely
that a clavicle plating system can fit the entire popula-
tion. Our results encourage research to focus on the
improvement of implant design that could lead to less
hardware-related removal. Although patient-specific so-
lutions could be beneficial from an anatomic point of view,
its clinical impact remains unknown.
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