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1  |  INTRODUC TION

Bone loss due to cranial trauma, disease or accidents requires an 
adequate treatment including craniofacial reconstruction, for exam-
ple, using additive manufacturing (AM; Msallem et al., 2017). Special 
care is required for the design and manufacturing process of cranial 

implants since a gap between bone and implant might act as a route 
for infections (Rotaru et al., 2012). Functional deficiencies occurring 
in patients with cranial defects may lead to trephination syndrome 
(sinking skin flap syndrome) characterized by dizziness, irritabil-
ity or intolerance to noise (Bonda et al., 2015). Besides functional 
reasons, aesthetics is the most important aspect for the patient in 
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Abstract
The combination of computer-aided design (CAD) techniques based on computed 
tomography (CT) data to generate patient-specific implants is in use for decades. 
However, persisting disadvantages are complicated design procedures and rigid recon-
struction protocols, for example, for tailored implants mimicking the patient-specific 
thickness distribution of missing cranial bone. In this study we used two different 
approaches, CAD- versus thin-plate spline (TPS)-based implants, to reconstruct ex-
tensive unilateral and bilateral cranial defects in three clinical cases. We used CT data 
of three complete human crania that were virtually damaged according to the missing 
regions in the clinical cases. In total, we carried out 132 virtual reconstructions and 
quantified accuracy from the original to the generated implant and deviations in the 
resulting implant thickness as root-mean-square error (RMSE). Reconstructions using 
TPS showed an RMSE of 0.08–0.18 mm in relation to geometric accuracy. CAD-based 
implants showed an RMSE of 0.50–1.25 mm. RMSE in relation to implant thickness 
was between 0.63 and 0.70 mm (TPS) while values for CAD-based implants were sig-
nificantly higher (0.63–1.67 mm). While both approaches provide implants showing a 
high accuracy, the TPS-based approach additionally provides implants that accurately 
reproduce the patient-specific thickness distribution of the affected cranial region.
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relation to psyche and social life. Cranioplasty is an effective way to 
treat cranial defects, e.g., in relation to the trephination syndrome 
in order to improve neurological functions (Mokri, 2010). Virtually 
designed implants in combination with computer-assisted surgery 
(CAS) represent advanced surgical procedures to support the treat-
ment process. Several studies showed that preoperative selection of 
prosthesis design and additively manufactured templates positively 
influence the outcome in relation to accurate bone removal, faster 
surgical procedures, and accuracy of implant placement (Chamo 
et al., 2020; Jones, 2013; Bonda et al., 2015).

Various software tools emerged in the last decades support-
ing virtual implant design. Commercial software like Materialise 
Mimics®, Biobuild or 3D DOCTOR provide various methods for 
cranial reconstruction. However, expert knowledge in computer-
aided design (CAD) is a general precondition during cranial recon-
struction and implant design. Additionally, a potential disadvantage 
of commercially available software is that the underlying algorithms 
and procedural steps during implant design often cannot be traced 
(black-box scenario) (Egger et al., 2017). This is true for available 
software packages operated by clinicians, but also for external 
commercial services that are designing implants based on provided 
medical CT data from a hospital. A major shortcoming in the use of 
external services in clinical practices can be the lack of a detailed 
step-by-step documentation of implant design. Hence, a measure 
for the accuracy of the provided virtual implant model and conse-
quently for the physical implant is missing. This concerns both the 
geometric accuracy and the accuracy in relation to the thickness of 
the generated implant.

In general, the restoration of cranial morphology is a challenging 
task particularly if large defective areas are involved. Conventional 
reconstruction methods such as mirror imaging the healthy, unaf-
fected cranial side are not applicable for bilateral cases with (partly) 
missing midsagittal planes (Egger et al., 2017; Fuessinger et al., 2018; 
Klammert et al., 2010; Truscott et al., 2007). Moreover, since every 
cranium is characterized by a certain degree of asymmetry, mirror 
imaging can lead to large deviations of affected regions during align-
ment of the affected and unaffected side (Quinto-Sánchez et al., 
2015). Alternatively, deformation-based geometric morphometrics 
(GM) show a high potential for the generation of patient-specific 
implants, since available morphological information of the recon-
structed cranium is incorporated into the final implant (Marreiros 
et al., 2016; Mitteroecker & Gunz, 2009; Senck et al., 2013). Using 
thin-plate splines (TPS), a mapping function warps the landmark 
configuration (template) from a complete reference specimen onto 
a target specimen showing cranial defects (Bookstein, 1989). Hence, 
in addition to optimizing geometric accuracy, that is, shape, spatial 
variation in implant thickness is considered in the final implant design 
when using internal and external cranial landmarks in the template.

The suitability of the respective reconstruction approach de-
pends on location, defect size, and available resources. Benazzi and 
Senck (2011) showed that the TPS reconstruction of craniomaxil-
lofacial defects is more precise compared to mirroring technique. 
The evaluation of standard deviation and mean showed significant 

differences between the two approaches. Additionally, they showed 
that asymmetric hemifaces negatively influence the accuracy of the 
mirror imaging approach (Benazzi & Senck, 2011). The same trend 
was shown by Fuessinger et al. (2018) in a comparative reconstruc-
tion analysis of large cranial defects, determining significant higher 
accuracy (mean error) for the geometric reconstruction using the 
statistical mean shape as reference, compared to mirror imaging. By 
combining GM and radial basis function, Marreiros obtained a mean 
error less or equal to 1 mm for the reconstruction of large cranial 
defects (>100 cm2) (Marreiros et al., 2016).

Using AM, virtual models can directly be transferred to phys-
ical representations, for example, for the purpose of preoperative 
planning, or directly for the generation of final implants. In the latter 
case, error propagation can lead to large deviations if the process 
capability of AM systems and materials are not compatible with 
specified tolerances. For example, Brown compared two 3D printers 
which both produce clinically acceptable models with high accuracy 
(Brown et al., 2018) according to an acceptable range (0.20–0.50 mm 
deviation) reported in several studies (Halazonetis, 2001; Hassan 
et al., 2017; Hazeveld et al., 2014; Schirmer & Wiltshire, 1997; 
Sohmura et al., 2001).

Besides implant planning and design, material choice and im-
plant thickness influence the outcome of every cranial reconstruc-
tion. Each material shows a specific combination of properties like 
biocompatibility, bioactivity, toxicity, yield strength, and implanting 
complexity (Kwarcinski et al., 2017). In general, the adequate manu-
facturing process has to be chosen in accordance with the employed 
material. For instance, not all potential implant materials are suitable 
for AM. Common implant materials are polymethylmethacrylate 
(PMMA), polyetheretherketone (PEEK), polyethylene, hydroxyapa-
tite, and titanium (Kwarcinski et al., 2017). PEEK delivers the most 
satisfactory results for large-sized cranial defects, especially consid-
ering its physical and mechanical characteristics (strength, stiffness, 
durability) and its suitability for 3D printing (Mohan et al., 2016; 
Petersmann et al., 2019). PMMA is characterized by its obtainability, 
processability, and affordability, rendering it one of the most fre-
quently used materials for implant design. Compared to polylactide 
and acrylonitrile butadiene styrene, PMMA is also suitable for long-
term use (Petersmann et al., 2019). Long-term reliability is influenced 
by factors like defect location and shape, bone quality, expected 
loads, and constraints caused by the surrounding soft tissue.

Statistical assessment revealed that the implant material 
predominantly influences deflection. In contrast, implant peak 
stresses are primarily caused by implant thickness distribu-
tion (Marcián et al., 2019). Adequate consideration of these two 
factors—material and thickness—in addition to geometric accuracy 
influence implant performance and its ability to mimic bone bio-
mechanical behavior. However, as noted by Persson et al. (2018), 
PEEK is still the preferred material choice to mimic the mechanical 
response and native behavior of the cranium. PEEK and PMMA 
are preferred implant materials, as they can be easily adapted to 
the current bone structure in the operating theatre. In general, the 
decision of material and thickness still depends on quality of the 
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patient's native bone and is thus patient-specific. This highlights 
the importance of the collaboration between medical engineers 
designing implants and the surgeon to choose the appropriate 
combination of material and thickness in patient-specific implants 
(Ladaru et al., 2019).

In this study, we virtually reconstructed three clinical cases and 
corresponding artificially damaged knockout (KO) individuals with 
large-sized bilateral and unilateral defects. A geometric, reference-
based reconstruction approach is compared to implants created in 
a designated design workflow in a common CAD software which 
offers built in reconstruction techniques. Geometric reconstruction 
accuracy is evaluated by means of root-mean-square error (RSME). 
Additionally, we provide information on the accuracy of virtual mod-
els in relation to bone thickness and visualize thickness distributions 
of generated CAD- and TPS-based implants. This is the first analysis 
comparing two different approaches including external as well as 
internal morphological information for the reconstruction of large 
cranial implants.

2  |  MATERIAL S AND METHODS

2.1  |  Samples

Clinical computed tomography (CT) scans were acquired between 
2010 and 2016 at the Klinikum Braunschweig. Written consent 
for participation was acquired from all patients. All CT scans were 
recorded in DICOM file format at a reconstruction matrix size of 
512 × 512 pixels with slice thicknesses ranging from 0.5 to 0.6 mm 
using a Siemens Somatom 16. Clinical case 1 (C1) is characterized by 
a bilateral defect of approx. 111.25 cm2 including the bregma region 
as well as large parts of the frontal bone. The defect extends al-
most symmetrically to both lateral sides affecting parts of the sutura 
coronalis. The temporal lines are unaffected. The missing areas of the 
unilateral cases (C2 and C3) include parts of Os parietale, Os frontale, 
Os sphenoidale, and Os temporale including the temporal line. Both 
defects are located on the right cranial side extending over an area 
of approx. 93.91 cm2 (C2) and 127.58 cm2 (C3) respectively.

The reference sample for the TPS-based approach comprises 
CT scans of 20 specimens housed at the University of Vienna 
(Department of Evolutionary Anthropology), see Senck et al. (2013) 
for details.

2.2  |  TPS-based approach

2.2.1  |  Landmark template

The TPS approach includes information about the internal and ex-
ternal aspects of the cranial surface (see Figure 1). We used Avizo 
9.7 software to create a 3D landmark template (n = 831) involving 
anatomical landmarks (n = 47; see Table 1). In addition, we defined 
curve landmarks along the temporal line (blue), superior half of the 

orbit (green), the ala minor (endocranial; purple), as well as the mid-
sagittal plane (black). Surface semilandmarks were defined on the 
external and internal tables of the cranial vault (yellow). The com-
plete landmark template in Figure 1 features anatomical landmarks 
(red), curve landmarks, and surface semilandmarks.

2.2.2  |  Semilandmark warping

The template serves as a reference to warp all semilandmarks onto 
each target specimen by iterative TPS, using Edgewarp 3D software 
(Bookstein & Green, 1994). This procedure is based on a mapping 
function, using smooth interpolation between two points for exact 
landmark warping (Bookstein & Green, 1993).

Loading the reference and target landmark configuration into 
Edgewarp 3D performs an affine transformation based on the an-
atomical landmarks. The warping procedure relies on homologous 
landmarks, that is, the anatomical landmarks defined in Table 1. The 
specimen's alignment due to anatomical landmarks represents a first 
estimation of the final landmark distribution. Repeating the follow-
ing steps in Edgewarp 3D results in a target landmark configuration 
showing minimal bending energy: (1) relax specimen against refer-
ence, (2) project all semilandmarks, and (3) orient and relax all semi-
landmarks. The steps are repeated until the optimization criteria of 
minimal bending energy is below an a priori defined threshold (bend-
ing energy change: <0.001) (Marreiros et al., 2016; Mitteroecker & 
Gunz, 2009; Senck et al., 2013). Misplaced projected semilandmarks 
at the inner and outer bone surfaces of the surface file representing 
each specimen were corrected manually.

2.2.3  |  Virtual knockout

Based on the available anatomical landmarks of the clinical cases, 
three of the reference specimens are used as KO individuals. The 
distance between two sets of Procrustes shape coordinates is re-
ferred to as Procrustes distance and denotes (dis)-similarities in 
shape (Mitteroecker & Gunz, 2009). The specimen with minimal 
Procrustes distance to the corresponding clinical case was therefore 

F I G U R E  1  Landmark template showing anatomical landmarks 
(red) and semilandmarks on the external and internal aspects of the 
cranial vault [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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defined as KO individual for the respective clinical case (S1: com-
plete cranium most similar to clinical case C1, S2:C2, S3:C3; see 
Table 2) and artificially damaged subsequently.

In order to generate virtual defects, landmarks located in defective 
areas of the clinical cases (C1, C2, C3) are defined as missing in the 
respective KO individual (KO1 based on S1, KO2 based on S2, KO3 
based on S3). Figure 2a depicts missing landmarks in KO3, the clinical 
case characterized by the largest cranial defect. Figure 2b shows the 
corresponding clinical case C3 and the actual cranial defect.

2.2.4  |  Geometric reconstruction

Missing data in the KO individuals (KO1, KO2, KO3) and the clinical 
cases (C1, C2, C3) were estimated by TPS interpolation using a ref-
erence sample. The basic concept is to use the mapping function in 
Edgewarp 3D to warp a complete reference landmark configuration 
(reference specimen, template) onto an incomplete target (KO indi-
vidual, clinical case). The semilandmark warping procedure focuses 
on minimizing the bending energy between reference and target, 
consequently generating the smoothest interpolation (Bookstein, 
1989; Mitteroecker & Gunz, 2009; Senck et al., 2013; Zachow, 2015). 
Complete reference specimens (n = 20 and the Procrustes mean shape 
[PMS]) were warped onto each KO individual (KO1, KO2, KO3) and 
clinical case (C1, C2, C3) respectively. This procedure generates 21 in-
dividual geometrical reconstructions for each KO individual and clini-
cal case, that is, a total of 126 geometric reconstructions were created.

2.3  |  CAD-based reconstruction

The applied reconstruction pipeline is based on a protocol from a 
Materialise® workshop (Materialise, 2018):

TA B L E  1  List of anatomical landmarks for 3D template

N Unpaired landmarks N Paired landmarks

1 Glabella 2 Frontomalare–temporale

5 Nasale 3 Frontomalare–orbitale

8 Rhinion 4 Frontale/Nasale/Maxillare

10 Bregmaa  6 Zygoorbitale

16 Lambdaa  7 Sutura nasomaxillaris

17 Iniona  9 Foramen infraorbitale

19 Opisthiona  11 Stephaniona 

21 Jugum sphenoidal mid 12 Zygotemporale superior

22 Os sphenoidal mid 
hits os etmoidale 
mid

13 Zygotemporale inferior

25 Anterior cribiform 
plate

14 Auriculare

15 Linea temporalis posteriora 

18 Foramen ovale anterior

20 Processus clinoideus 
posterior

23 Foramen ovale posterior

24 Palate canal superior

aLandmarks placed on tabula interna and externa.

TA B L E  2  Sample list indicating reference individuals S1, S2, and 
S3 serving as knockout individuals (KO1, KO2, and KO3) and the 
corresponding clinical cases (C1, C2, and C3)

Reference individual Clinical cases Knockout

Specimen 1* (S1) Clinical case 1* (C1) Knockout 1* (KO1)

Specimen 2** (S2) Clinical case 2** (C2) Knockout 2** (KO2)

Specimen 3*** (S3) Clinical case 3*** (C3) Knockout 3*** (KO3)

F I G U R E  2  Knockout individual (KO3) versus clinical case (C3): (a) landmarks declared missing (cross) and sliding semilandmarks (cross 
and surface normal), and (b) actual clinical case featuring an extensive unilateral cranial defect extending over an area of 127.58 cm2 [Colour 
figure can be viewed at wileyonlinelibrary.com]

(a) (b)

www.wileyonlinelibrary.com
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1.	 CT—Data processing: segmentation of CT scans and creation 
of STL files.

2.	 Reconstruction process: involves mirror imaging techniques and 
splines.

3.	 Implant design and post-processing steps including undercut re-
moval and edge smoothing.

Firstly, the area of interest is defined by drawing a curve around 
the defect. A curvature analysis can help to identify and bypass areas 
with high stress values. However, in order to define splines, references 
are required. In case of the unilateral defects, we used mirror imaging 
to project the unaffected side along the midsagittal plane to generate 
a mirror image which serves as a template (Fuessinger et al., 2018; 
Klammert et al., 2010; Moiduddin et al., 2017; Singare et al., 2009). In 
the bilateral case, mirroring is inapplicable necessitating the usage of a 
reference cranium. Hence, we used a STL file of the PMS (STL surface 
generated in Avizo 9.7; scaled by centroid size) as reference to prevent 
the incorporation of subject-specific anatomical features in the CAD-
based reconstruction process. However, the PMS needs manual place-
ment below the defect to cover the transition area, which represents 
a potential error source and reduces reproducibility of this approach. 
A second source of error is the size difference between the reference 
and damaged specimen, as shown in Figure 3.

The outlines of the damaged cranium and the reference are im-
ported into a sketch producing an overlay with an estimation of start 
and endpoint of the spline. Each spline is subsequently manually 
drawn on the basis of the reference geometry on the outer bone 
surface (see Figure 3). The PMS acts as a reference but only defines 
the shape of the spline due to obvious size differences. Three splines 
were used in case of the KO1 reconstruction (along midsagittal plane 
and one each beside). The curve outlining the defect and splines are 
the base geometries to create a virtual cranial plate. Bone thickness 
is measured manually around the defect. Measured thickness values 
are applied to the plate via the variable offset module transforming 
it into a preliminary virtual implant. Finally, undercuts were removed 
and a smoothing of the edges was carried out to improve the fitting 

of the implant. In total, six CAD-based reconstructions were created 
(each one reconstruction for C1, C2, C3 and KO1, KO2, KO3). Firstly, 
the clinical cases were reconstructed to obtain a template for the 
KO individuals. Subsequently, the outline of the implants of C1, C2, 
and C3 was projected onto each corresponding cranium (S1, S2, and 
S3) removing the corresponding defect area by means of Boolean 
subtraction. Finally, each KO individual (KO1, KO2, KO3) was recon-
structed using the steps described above.

2.4  |  Statistical analysis

Landmarks and semilandmarks of the created reconstructions 
(CAD- and TPS-based) were transformed into shape coordinates 
by generalized Procrustes analysis (GPA). Procrustes superimposi-
tion involves translating, rescaling, and rotating landmark configura-
tions relative to each other in order to minimize the sum of squared 
distances. These shape coordinates are the input for a subsequent 
principal component analysis (PCA) in shape space. The reconstruc-
tions are projected into the original PCA space of the 20 reference 
specimens to preserve the initial geometrical relationship. Minimal 
and maximal principal component (PC) scores for the first three PCs 
were extracted to generate surface morphs in Avizo 9.7.

The visualized 3D shape variation helps in the interpretation of 
geometrical deviations of the reconstructions with respect to the 
employed reference specimen, that is, the effect of reference choice 
(Senck et al., 2015). R provides packages like morpho, which allows, 
for example, the use of semilandmarks and surface morphs (R Core 
Team, 2013; Schlager, 2017). GM and statistical procedures such as 
GPA and PCA were carried out in R.

2.5  |  Geometric accuracy (shape)

In the statistical analysis, we only considered the subset of 
landmarks in the corresponding implant region. Accuracy was 

F I G U R E  3  Spline drawing for the bilateral defect along the midsagittal plane: (a) outline import of damaged cranium (KO1) and reference 
(Procrustes mean shape [PMS]); (b) damaged cranium (KO1) with PMS (gray) reference and finished splines [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a) (b)

www.wileyonlinelibrary.com
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computed as the square root of the average of squared errors 
(RMSE), that is, the deviation between the original and recon-
struction in the respective KO series. Reconstruction accuracy 
expressed as RMSE is computed to assess the geometric accuracy 
of each virtually generated implants and has the same units as the 
original data (mm). The RMSE was computed separately for each 
reconstruction only including (semi)landmarks located in the im-
plant specific area of the respective KO series (KO1: 78, KO2: 142, 
KO3: 156 missing landmarks).

We used the software open_iA (Fröhler et al., 2019) to quantify 
the projected distance from the estimated landmark coordinates in 
Edgewarp 3D to the bone surface of the corresponding complete 
cranium (S1, S2, S3). The computation is based on the determination 
of the surface normal vector. Surface distances, i.e. residual values, 
are defined as the vector starting from the origin of the estimated 
landmark to the first intersection point with the bone surface of 
the reference individual. These residual values were computed for 
every KO reconstruction (KO1, KO2, KO3; predicted values) and 
the original crania (S1, S2, S3; observed values). Finally, an averag-
ing was performed over all residuals in the implant specific area for 
each KO reconstruction (see Tables S1 and S2). This average residual 
represents the accuracy in the respective implant area for each re-
construction in the training data allowing a comparison of the per-
formance between CAD- and TPS-based implant design approaches.

Geometrical accuracy was additionally visualized in Geomagic 
Qualify (3D Systems) using a nominal–actual comparison from the 
complete cranium (S1, S2, S3) to the corresponding KO reconstruc-
tion (KO1, KO2, KO3) using the PMS as reference. We compare those 
results with CAD-based reconstructions carried out in Materialise–
3–matic®. A color-coded map indicates negative and positive devia-
tions in the implant area. A comprehensive description is available in 
Wittner (2019).

2.6  |  Implant thickness accuracy

Cranial vault thickness of the complete specimens and each recon-
structed cranial implant was computed based on extracted surface 
data (STL) in open_iA (Fröhler et al., 2019). Thickness values are de-
termined for landmarks that are situated in the implant specific area. 
Surface thickness is defined as the distance between the first and 
second intersection of the normal vector of the respective surface 
semilandmark with the STL surface. Thickness values were com-
puted for each reconstruction (predicted values) and the respective 
original crania (observed values) in order to compute the RMSE. The 
thickness RMSE averages all deviations in the respective implant 
area and indicates thickness deviations from the original cranium for 
each reconstruction. A comprehensive description of this approach 
is available in Wittner (2019).

Wall thickness analyses were carried out in Materialise 3-matic® 
based on generated surface data (STL) and minimal Euclidean dis-
tance approach. Thickness distributions were visualized for each 
PMS- and CAD-based reconstruction (predicted values) and the 

respective original crania (observed values). Visualizations feature a 
color-coded map that indicates the bone thickness distribution of 
each designed cranial flap for KO1–KO3 and the corresponding clin-
ical cases C1–C3. The thickness maps display the transition area of 
bone and implant as well as the thickness distribution of the implant 
itself.

3  |  RESULTS

3.1  |  Principal components analyses

Figure 4  shows shape differences of the reference sample 
(20 specimens) along the first three PCs facilitating the interpre-
tation of different reconstruction results. The first three PCs de-
scribe approximately 66% of total shape variation. Minimal scores 
on the left side of PC1 show a narrow and high vaulted cranium 
whereas maximal PC1  scores correspond to broad and less high 
crania. Hence, PC1 (43.64%) predominantly characterizes dolicho-
cephalic (minimal scores) versus brachycephalic (maximal scores) 
cranial shape differences. A broad and stout cranium indicates 
maximal PC1 scores.

PC2 scores indicate differences in the temporal line and the de-
gree of postorbital constriction. The temporal line runs upwards, the 
constriction is less pronounced and the cranial vault is higher for low 
PC2 scores. The visualization of high PC2 scores displays a temporal 
line characterized by a stronger curvature while the cranium is more 
globular. Minimal PC3 scores correspond to a globular cranium and a 

F I G U R E  4  Cranial shape variation in the reference sample. The 
central shape represents the Procrustes mean shape, while the rest 
of the surface morph represents the respective minima and maxima 
of the first three principal components (PCs) [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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decreased facial width. Maximal PC3 scores mainly correspond to a 
difference in neurocranial breadth.

KO and clinical case (C) reconstructions were projected into the 
original shape-space PCA (gray spheres) of the reference specimens. 
Figure 5  shows the PCA of all bilateral reconstructions (KO1 and 
C1) while Figure 6 depicts all reconstructions of the unilateral cases 
KO2/C2 and KO3/C3. S1 to S3 represent the original, complete cra-
nia that were used for the definition of KO1 to KO3 respectively. 
In total, 21 TPS-based reconstructions and one CAD-based recon-
struction were generated for each case.

In both PC analyses, the PMS reconstruction of KO1, KO2, and 
KO3 plot closely to the original cranium (S1, S2, and S3 respectively). 
The rest of the TPS-based reconstructions form an elliptical poste-
rior distribution of reconstruction around the complete, original cra-
nium. Major shape differences in the KO1 reconstruction, showing a 
bilateral cranial defect, are related to PC2 that explains approx. 14% 
of shape variation (see Figure 4). The CAD-based reconstruction of 

KO1 is well within the 95% ellipse of the TPS-based reconstructions. 
However, it plots at the outer border of the distribution showing 
high positive PC1 scores. Shape variation in the reconstruction of 
the clinical case C1 is slightly higher, represented by an elongated 
95% ellipse along PC2. As expected, the PMS reconstructions 
plot in the center of the posterior distribution of both KO1 and C1 
reconstructions.

Major shape differences in the reconstruction of KO2 and KO3 
that display large lateral cranial missing areas are mainly related to 
PC2 and PC3. Analogously to the bilateral reconstruction, the re-
spective PMS reconstruction plots closely to the complete cranium 
S2 and S3. In contrast, both CAD-based reconstructions plot out-
side or on the edge of the 95% confidence interval, predominantly 
showing higher PC2 and PC3 scores compared to the TPS-based re-
constructions. This corresponds to shape differences in relation to 
the degree of post-orbital constriction and neurocranial width in the 
CAD-based reconstructions, both affected by the missing unilateral 

F I G U R E  5  Principal component (PC) analysis plot showing the distribution of reconstructions and the corresponding 95% confidence 
intervals (clinical cases: light-colored squares; knockout individual: dark-colored squares) projected into the shape-space of the reference 
sample (gray spheres). The reconstruction on the basis of the Procrustes mean shape (black diamond) plots closely to the original, complete 
specimen (S1). The computer-aided design (CAD)-based reconstruction using Materialise® (magenta diamond) plots in the 95% confidence 
interval but is on the border of the distribution of reconstructions. The reconstruction of C1 shows a similar pattern but is characterized by a 
larger shape variation than in KO1 [Colour figure can be viewed at wileyonlinelibrary.com]
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cranial defects. Shape variation in the reconstruction of C2 and C3 
is slightly higher and shows a similar posterior distribution as the 
reconstruction of C1.

3.2  |  Geometric accuracy

Using the complete reference cranium of the respective KO in-
dividual (i.e. S1 for the reconstruction of KO1, S2:KO2, S3:KO3), 
the TPS-based approach provides a very high accuracy with val-
ues <0.18 mm (see Table S1). RMSE for the reconstruction of KO1 
with S1 is 0.0059 mm. For KO2 and KO3 the RMSE is 0.0032 and 
0.1824  mm respectively. RMS errors using the reference sample 
range from 0.0850 to 0.5002 mm for KO1, 0.0789 to 0.64 mm for 

KO2, and 0.0957 to 0.66 mm for KO3 (without RMSE for the recon-
structions using the original, complete crania; see above). RMSE for 
the CAD-based reconstruction of KO1 is comparable to the TPS-
based reconstruction (0.50  mm). However, accuracy of the CAD-
based reconstructions for the lateral cases is significantly lower 
(KO2: 1.16 mm, KO3: 1.25 mm).

TPS-based mean shape reconstructions show a high accuracy and 
are located in the lower quartile in Figure 7. In contrast, all CAD—based 
reconstructions of KO1–KO3 show the lowest accuracy (upper whis-
kers in each boxplot; also see Table 1). The low interquartile range of 
KO1 points to a high reconstruction accuracy. In general, KO1 shows 
the smallest geometric deviations. The higher interquartile range for 
RMSE of KO2 and KO3 corresponds well with the elongated, elliptical 
clustering of reconstructions in the PCA plot (see Figure 5).

F I G U R E  6  Principal component (PC) analysis plot showing the distribution of unilateral reconstructions (clinical cases: bright squares; 
knockout individual: dark-colored squares) projected into the reference shape-space (gray spheres). Reconstructions on the basis of the 
Procrustes mean shape (black diamond) plot closely to the reconstructed original specimens (S2 and S3). Computer-aided design (CAD)-
based reconstructions (Materialise®) plot on the edge or outside the 95% confidence interval for KO2 and KO3 reconstruction (magenta 
diamond) and within the 95% confidence interval for C2 and C3 reconstructions (light magenta diamond) [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  7  Root-mean-square error (RMSE) of implant geometric accuracy: (1) bilateral reconstructions show the lowest range and two 
outliers; (2) unilateral reconstructions show a higher variation and two outliers; (3) unilateral reconstructions are characterized by the largest 
variation and one outlier represented by the CAD-based reconstruction [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  8  Geometric accuracy of the bilateral implant design (KO1): Nominal-actual comparison showing surface deviations between the 
original cranium and (a) thin-plate spline-based reconstruction using the Procrustes mean shape and, (b) the computer-aided design-based 
reconstruction in Materialise® [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  9  Geometric accuracy of the unilateral implant design (KO2): Nominal-actual comparison showing surface deviations between 
the original cranium and (a) thin-plate spline-based reconstruction using the Procrustes mean shape and, (b) the computer-aided design-
based reconstruction in Materialise® [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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3.3  |  Bilateral defect (KO1)

The TPS-based mean shape reconstruction of KO1  shows mod-
erate positive and negative deviations in the analyzed implant 
area (Figure 8a). The reconstructed region shows a minor asym-
metric pattern displaying higher values at the right os frontale and 
lower values in the parietal region. The frontal plane and small 
fractions around the bregma region in the CAD-based reconstruc-
tion (Figure 8b) are characterized by positive values indicating a 
strongly pronounced curvature of the reconstructed area of the 
forehead. Slightly negative values indicate reconstructed areas 
that are characterized by a decreased curvature, that is, flattened 
areas. In general, the high accuracy of the TPS-based reconstruc-
tion using the mean shape (values between ±0.75 mm) is reflected 
in the PCA, plotting close to the complete original specimen S1 
(see Figure 4). The CAD-based reconstruction plots on the edge 
of the 95% interval in the PCA plot, reflecting lower accuracy as 
shown in Figure 8b.

3.4  |  Unilateral defect (KO2)

The KO2 reconstruction shows a very high accuracy amongst all 
TPS-based mean shape reconstructions. The superior part of the 
implant is characterized by negative values transitioning into the 
parietal region showing very low deviations. Positive deviations are 
pronounced inferior to the temporal line at the height of the upper 
postorbital constriction (values between ±0.75 mm) (Figure 9a). The 
PCA plot in Figure 5 shows that the PMS reconstructions plots close 
to the original cranium S2. In comparison, the CAD-based recon-
struction shows increased positive and negative deviations at the 
transition area of bone to implant (Figure 9b). The central part of the 
implant area is characterized by a high level of negative deviation 
showing peak values in the squamous part of the temporal bone. 
The result of the nominal- actual comparison is substantiated by the 
high RMSE of 1.16 mm, being significantly higher compared to the 
TPS-based reconstruction (RMSE: 0.08 mm). Additionally, the high 
RMSE of the CAD-based reconstruction is reflected in the respec-
tive PCA plot (Figure 4), the reconstruction plotting outside the 95% 
confidence interval along PC1 that is strongly influenced by cranial 
breadth, that is, the lateral parts of the cranium most affected by the 
large defect.

3.5  |  Unilateral defect (KO3)

The PMS reconstruction in Figure 10a shows mainly negative devia-
tions in the inferior two-thirds of the implant, that is, in the regions 
of the temporal and sphenoid bone. In the superior region that com-
prises parts of the parietal and frontal bone, the implant shows a 
slight positive deviation from the original cranium (values between 
±0.75 mm). The CAD-based KO3 reconstruction is characterized by 
pronounced positive (os temporal and os sphenoid) and negative 
(temporal line) deviations, particularly in the region of the squamous 
part of the temporal bone. The RMSE of the CAD-based reconstruc-
tion is relatively high (1.25 mm; Table S1) supporting the result of the 
nominal-actual comparison. Both unilateral cases show the highest 
deviation in the area below the temporal line that is characterized 

F I G U R E  1 0  Geometric accuracy of the unilateral implant design (KO3): Nominal-actual comparison showing surface deviations 
between the original cranium and (a) thin-plate spline-based reconstruction using the Procrustes mean shape and, (b) the reconstruction in 
Materialise® [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  11  Root-mean-square error (RMSE) of implant 
thickness: (1) bilateral reconstruction with lowest range and 
three outliers; (2) unilateral reconstruction with increased range/
variety and one outlier (computer-aided design [CAD]-based 
reconstruction); (3) unilateral reconstruction with biggest range 
and one outlier (CAD-based reconstruction) [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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by a more complex surface topography and a higher curvature, for 
example, in the regions of the postorbital constriction.

3.6  |  Implant's thickness variation

Additionally, we performed wall thickness analyses for each virtual 
reconstruction, that is, generated cranial implant, in Materialise® 
to quantify the thickness accuracy of the investigated approaches. 
RMSE represents the deviations between the thickness of the 
original cranial bone and the thicknesses of virtually generated im-
plant. A small RMSE represents a high accuracy. In the TPS- based 
reconstructions, using the original cranium provides an accuracy 
of 0.62 mm for KO1, 0.64 mm for KO2 and 0.71 mm for KO3. The 
RMSE for thickness accuracy in TPS-based reconstructions ranges 
from 0.64 to 1.09 mm for KO1, 0.63 to 0.91 mm for KO2 and 0.65 
to 1.08 mm for KO3 when omitting the original, complete cranium. 
RMSE for the CAD-based reconstruction of KO1 (0.64 mm) is com-
parable to the TPS-based reconstruction using the PMS (0.69 mm). 

However, accuracy of the CAD-based reconstructions for the lateral 
cases is significantly lower (KO2: 1.38 mm, KO3: 1.67 mm) compared 
to TPS-based reconstructions using the PMS (KO2: 0.63 mm, KO3: 
0.70 mm).

The interquartile range of the RMSE of implant thickness in 
Figure 11 shows a similar pattern as shown for the geometric accu-
racy. PMS reconstructions are located in the lower quartile, while 
CAD-based reconstructions for the lateral cases KO2 and KO3 rep-
resent the maximum values in the respective boxplot (see Table S2). 
It is obvious that the implant thickness distribution of KO3—having 
the largest area to reconstruct—shows the lowest accuracy and 
highest standard deviation. The highest accuracy in terms of RMSE 
can be found for the bilateral reconstruction.

Figure 12a–f shows the TPS-based mean shape reconstructions 
from KO1 to KO3 on the left side and the corresponding CAD-based 
reconstructions on the right side. The most noticeable differences 
concern the local distribution of cranial bone thickness in the recon-
structed areas. While the geometric reconstructions reproduce the 
bone thickness distribution that can be found in the original bone, 

F I G U R E  1 2  Wall thickness analysis in Materialise® comparing thin-plate spline-mean shape reconstruction and computer-aided design-
based reconstruction (Materialise®) of KO1–KO3: (a) KO1 mean shape reconstruction, (b) KO1 Materialise® reconstruction, (c) KO2 mean 
shape reconstruction, (d) KO2 Materialise® reconstruction, (e) KO3 mean shape reconstruction, (f) KO3 Materialise® reconstruction [Colour 
figure can be viewed at wileyonlinelibrary.com]
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the reconstructions carried out in Materialise® show a rather uni-
form thickness distribution over the entire implant surface. While 
the differences in thickness distribution between the two recon-
struction approaches is moderate in the bilateral case (C1:KO1), a 
major disagreement can be found in the cases with missing areas 
in the lateral cranial regions. Using the TPS-based approach, the 
patient-specific morphology of the missing cranial area, that is, parts 
of the parietal, frontal, sphenoid, and temporal bone, is estimated 
more accurately showing a smooth transition from thicker to thin-
ner areas and a good agreement of bone thickness values at the 
border of the respective implant. Accordingly, a thicker bone in the 
posterior and superior aspects of the implant including parts of the 
parietal and frontal bone is reproduced more accurately in the TPS-
based approach using the PMS as reference in KO2 (Figure 12c) and 
KO3 (Figure 12e).

4  |  DISCUSSION

The use of CAS and virtual reconstruction techniques extensively 
increased in the last years, overcoming some problems inherent in 
traditional approaches, particularly in relation to reproducibility. 
This study investigates the accuracy of patient-specific cranial im-
plants and compares the outcome of two different reconstruction 
approaches: CAD-based and TPS-based using a reference sample 
and TPS warping. In contrast to earlier investigations, we addition-
ally quantified the accuracy in relation to implant thickness of digi-
tally designed cranial flaps in three realistic clinical cases showing 
large uni- and bilateral defects.

4.1  |  CAD versus TPS-based approach

Because every reconstruction relies on assumptions of missing data, 
it is impossible to achieve a perfect original state. Reconstructions 
are therefore only approximations towards the original state, e.g. 
based on anatomical information from undamaged individuals (Gunz 
et al., 2009). In this study, we used two different but not exclusive 
approaches for missing data estimation for large cranial defects. 
Implants designed with a CAD-based approach using a commercially 
available software package commonly used for cranial reconstruc-
tions (Materialise®) show a moderate to high geometric accuracy in 
this analysis. However, the accuracy was considerably lower for large 
unilateral defects compared to reconstructions from the TPS-based 
approach, e.g. using the PMS as template. The overall accuracy in 
terms of RMSE is comparable to earlier studies (Halazonetis, 2001; 
Hassan et al., 2017; Hazeveld et al., 2014; Schirmer & Wiltshire, 
1997; Sohmura et al., 2001) for both approaches. However, the TPS-
based approach has two main advantages: (1) accuracy is higher for 
the estimation of missing areas in anatomic regions characterized 
by a complex topology, for example, the sphenoid region, and (2) 
it provides implants whose thickness distribution reproduces the 
variation in the original bone with a high accuracy (RMSE <0.70 mm 

using the PMS). Implants with a variable thickness can be produced 
using AM or molding and may be advantageous in the distribution of 
peak stresses due the ability to mimic bones biomechanical behavior 
more adequately.

The major advantage of the CAD-based approach is its time ef-
fectiveness applying a straightforward, semi-automatic sequence 
of steps involving CT data processing, mirror imaging techniques 
and splines, and post-processing, for example, undercut removal 
and edge smoothing. This allows the design of implants based on 
individual patient data because only the respective STL geometry 
and shape of the splines have to be adapted. Experienced person-
nel will perform several reconstructions on a working day. In con-
trast, the TPS-based approach is more time-consuming because a 
landmark template has to be defined a priori, ideally optimized for 
each implant morphology separately including data on the internal 
and external aspects of the cranium. Depending on the reference 
for reconstruction, either the PMS or other complete crania that are 
warped onto the clinical case showing cranial defects are necessary. 
The placement of anatomical landmarks and curved landmarks need 
to be placed manually for each template which necessitates expert 
anatomical knowledge. However, once finalized an appropriate tem-
plate can be saved and used for similar future cases significantly 
decreasing the amount of effort. In total, this approach takes ap-
proximately twice as much time for an implant reconstruction if car-
ried out by a trained person. However, recent digitization efforts in 
relation to (semi-)automated image segmentation, registration, and 
landmark placement, for example, using machine learning, may help 
to overcome this limitation and produce landmark configurations as 
anatomically precise as expert manual annotations (Percival et al., 
2019). Ultimately, this will significantly decrease the lead-time for 
implant generations using a TPS-based approach. Statistical shape 
models (SSM) provide another powerful alternative for fast and 
semi-automated computer-assisted surgical procedures that have 
the potential to overcome restrictions inherent in TPS- and CAD-
based approaches, for example, in relation to automation capabili-
ties, high-costs, and lead-time. SSM employ aligned surface meshes 
from a training data set and parametrize shape by performing a PCA. 
Additionally, missing information due to poor CT image quality, for 
example, because of beam-hardening artifacts, can be interpolated 
by SSM (Semper-Hogg et al., 2017).

To prevent a competitive disadvantage in the CAD-based ap-
proach and to be able to directly compare the reconstruction out-
comes in our analyses, we used the geometrical information of the 
PMS, that is, the curvature of the external bone surface, during 
the CAD-based reconstruction of the bilateral case (C1:KO1; see 
Figure 2). Either way, the relevant anatomical information in this ap-
proach is limited to the cranial part directly below the drawn splines 
which have to be adjusted manually (see Figure 2). The implant mar-
gin is determined by a manually drawn curve that surrounds the 
defect. These two parameters, as well as implant thickness, are the 
basic input for the CAD-based virtual implant design in Materialise®. 
However, this approach does not include information for the cre-
ation of the internal implant surface. Using the command “variable 
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offset” it is only possible to manually measure thickness values on 
the outer surface, which are then subsequently applied to the inner 
surface. Hence, implants created in Materialise® using the dedicated 
implant creation workflow (Materialise, 2018) show a homogeneous 
thickness distribution if additional information is unavailable, that 
is, the topology of the outer and inner surface is very similar (see 
Figure 12).

In contrast, TPS-based reconstructions employ the anatomical 
information of a reference specimen (e.g. the PMS or a geometri-
cally similar specimen) or a sample of reference specimen to create 
a posterior distribution of several reconstructions. This approach 
incorporates an inherent pre-alignment on the basis of defined an-
atomical landmarks and estimates missing data using TPS. This ap-
proach is well suited for the reconstruction of large missing areas 
characterized by a smooth curvature like in the neurocranium (Senck 
et al., 2013). Using the PMS for reconstruction minimizes the effect 
of incorporating the morphology of the reference in the final re-
construction outcome. However, a precondition for the TPS-based 
approach is a feasible landmark template that densely samples the 
defect region—particularly the edges of the missing area. In this 
analysis, the landmark template covers the complete external and 
internal aspects of the affected cranial surface. This allows—in con-
trast to the described CAD-approach—to model an implant with a 
variable thickness distribution. While a smooth perimeter of the de-
fective regions leads to a smooth transition of the remaining bone 
to the implant, small curvatures or a complex topology around the 
edges can lead to an increased uncertainty (Senck et al., 2015). Since 
the neurocranial missing areas in the described cases show smooth 
edges, it is possible to generate implants that are well adapted to 
the cranial surface of the large missing areas. Nevertheless, the cra-
nial geometry and bone thickness of the reference are incorporated 
into the final implant. Hence, it is preferable to use the PMS during 
reconstruction to minimize the influence of the reference choice 
during virtual reconstruction (Senck et al., 2015).

4.2  |  Reconstruction accuracy

The RMSE of each TPS-based mean shape reconstruction is below 
0.18 mm (Table S1), as shown in the KO analyses simulating three 
clinically relevant cases (KO1, KO2, and KO3). All KO1 reconstruc-
tions cluster closely around the original cranium (S1) in the PCA plot 
(see Figure 5) within the 95% confidence interval. While the PMS 
reconstruction shows a high accuracy (RMSE: 0.16 mm), the CAD—
based reconstruction shows the lowest accuracy (RMSE: 0.50 mm). 
The CAD-based reconstruction of KO1 is characterized by a more 
pronounced curvature of the forehead, while the surrounding areas 
are flattened (see Figure 9b). Using Materialise®, it is advantageous 
to take a complete cranium as reference, particularly to define the 
spline in the midsaggital plane since mirror imaging is not possible. 
The definition of the points that span the spline and the applied 
reference cranium determine the shape of the resulting virtual im-
plant. In contrast, TPS takes the smoothness properties of the area 

surrounding the region into account and is locally bent according 
to the surrounding morphology (Gunz et al., 2009). TPS is usually 
explained as a “smoothing” or “interpolation” function, which mini-
mizes the overall bending energy of the map (Bookstein, 1991). The 
dense and evenly distributed landmarks over the internal and exter-
nal cranial table guide the reconstruction of large cranial defects. In 
this study, we added additional curve semilandmarks in the midsag-
ittal plane to increase the information available for the cranial re-
construction, supporting the geometric accuracy and the restoration 
of the cranial thickness. Since the used KO specimen (KO1) is char-
acterized by a small degree of asymmetry, the reconstructed area 
shows some asymmetry along the midsagittal plane as well. Senck 
et al. (2015) showed that the choice of the reference but also the 
morphology of the specimen that is reconstructed, e.g. in relation to 
cranial asymmetry, govern the resulting geometry of the estimated 
missing area.

The posterior distribution of TPS-based reconstructions of KO2 
and KO3 in the PCA shows that the main shape variations are along 
PC2 and PC3 (Figure 5), which reflect anatomical variation in cranial 
breadth including the temporal line and the degree of postorbital 
constriction (Figure 6). Both TPS-based mean shape reconstructions 
plot close to the respective original cranium in the KO analysis (S2 
and S2 respectively), reflecting the high accuracy in terms of RMSE 
for both reconstructions (KO2: 0.07 mm, KO3: 0.18 mm; see Table 
S1). The high accuracy is also obvious in the nominal-actual compar-
isons in Figures 9 and 10. The dense landmark distribution as well 
as the additional digitization of the temporal line using curved semi-
landmarks supports the reconstruction outcome of the TPS-based 
approach. Figures 10a and 11a show low deviations in the nominal-
actual comparison and an accurate temporal line restoration.

In contrast, both unilateral CAD-based reconstructions show a 
significantly lower accuracy (RMSE for KO2: 1.16 mm, KO3: 1.25 mm). 
CAD-based reconstructions show a depression along or below the 
temporal line. For KO2 (Figure 10b) the area of the sphenoid bone 
shows negative values (indentation), while KO3 (Figure 11b) shows 
high positive values in this area in the nominal-actual comparison 
(convex shaped). The increased reconstruction uncertainty for KO2 
and KO3 is reflected in the interquartile range and the RMSE values 
of the CAD-based reconstructions with 1.16 and 1.25 mm (Table S2; 
Figure 7). Since the respective mirror image from the undamaged 
side serves as reference for CAD reconstructions, the results are bi-
ased by the natural cranial asymmetry (Metzger et al., 2007) which 
also influences implant geometry. Analogous to the CAD-based 
reconstruction of the bilateral case, the mirrored image has to be 
manually aligned with the KO individual in order to define splines 
determining the implant's shape—representing a major error source 
for the missing data estimation.

Fuessinger et al. (2018) reconstructed a virtually damaged 
cranium using GM (considering 6 anatomical landmarks) and com-
pared this to the mirroring technique. The achieved reconstruction 
accuracy was 0.47  mm for the statistical mean shape reconstruc-
tion while the mirror-imaging technique yields an error of 1.13 mm. 
Benazzi and Senck (2011) reported a similar trend of obtaining lower 
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error values using the TPS-based method and higher values when 
using the mirroring technique. A similar investigation was carried out 
by Semper-Hogg et al. (2017), comparing mirroring technique with a 
landmark-guided approach using a SSM to reconstruct bony defects 
of the right zygoma. They report a mean deviation of 1.10 ± 0.23 mm 
for the mirroring approach and 0.85  ±  0.26  mm for the landmark 
guided method. Including more (anatomical) landmarks and a dense 
sampling of surface semilandmarks at the edges of defects will 
generally result in more accurate reconstructions, as shown in this 
analysis.

4.3  |  Thickness accuracy

Analogous to the geometric accuracy, implant thickness accuracy 
decreases from KO1 (smaller defect area, homogenous topography) 
to KO3 (larger defect area, complex topography), also indicated by 
the increasing interquartile range (Figure 11). All Materialise® recon-
structions are at the upper limit for RMSE values (Table S2). KO1 
reconstruction shows the highest accuracy with a RMSE of 0.64 mm 
among the CAD-based reconstructions. The unilateral cases (KO2 
and KO3) show higher RMSE of 1.38 and 1.67  mm respectively 
(Table S2). The wall thickness analyses of KO1–KO3 clearly display 
the differences in the resulting implants of the two approaches 
(Figure 12). Implant thickness at the transition area of bone and im-
plant for the CAD-based reconstructions is merely determined by 
manually measured thickness values around the defect. Hence, all 
implants show a uniform thickness distribution without the consid-
eration of the varying bone thickness distribution in the normal cra-
nia. In contrast, the TPS-based mean shape reconstructions take the 
surrounding bone thicknesses at the bone–implant transition area 
into account. Using TPS, we showed that the cranial thickness dis-
tribution can be restored with high accuracy even for geometrically 
challenging areas, for example, the sphenoidal region in the unilateral 
cases, since the thickness distribution of the reference (e.g. the PMS) 
is adopted in the specimen that is reconstructed.

In general, each cranial bone is characterized by an inherent vari-
ation in bone thickness dictated by genetic and functional aspects. 
Moreover, the distribution of bone thickness varies between differ-
ent patients, for example, between KO2 and KO3 (see Figure 12), 
leading to an inadequate estimate of implant thickness when apply-
ing a uniform thickening approach on the basis of the external bone 
surface during a CAD-based reconstruction. According to Marcián 
et al. (2019), implant thickness is the most significant factor affecting 
stresses in implants. Additionally, it affects the implant deflection 
as well as Young's modulus of the implant material. By comparing 
different implant materials with different thicknesses the authors 
showed that an increasing implant thickness can be more advanta-
geous than changing the implant material considering maximum von 
Mises stresses. For a change in implant deflection, the choice of the 
material has a slightly higher effect compared to the thickness, which 
has to be considered when using the generated virtual implants 
in subsequent (additive) manufacturing processes. The reported 

accuracy values are also relevant to estimate the total deviation of 
the produced implants, since production tolerances vary between 
different manufacturing processes. In particular, additive manufac-
tured implants can show large tolerances (Chamo et al., 2020) that 
have to be added to the uncertainty of virtual implant generation 
to account for deviations that may have to be corrected for by the 
medical engineer or surgeon before the surgical procedure.

The high accuracy of reconstructions using the PMS leads us to 
the recommendation to use the mean shape to reconstruct extensive 
uni- and bilateral craniofacial defects. The PMS represents a popu-
lation average shape thus minimizing the incorporation of reference 
specific traits in the final implant. Additionally the PMS shows a 
lower degree of asymmetry in comparison to single reference spec-
imen (Benazzi & Senck, 2011). Further studies showed similar out-
comes when using the PMS in the reconstruction of cranial defects 
in various primate species (Senck et al., 2015) and in large missing 
cranial regions (Senck et al., 2013). However, there is no exclusive 
method or reference for bone reconstruction since each outcome 
depends on the specific case under study. The accuracy of each gen-
erated implant is influenced by cranial shape and the size of the area 
that is reconstructed. Further studies are needed to explore if this 
recommendation also holds for implants in geometrically complex 
regions, for example, in the orbital region.

In a next step, we will additively manufacture all virtually created 
cranial flaps from PEEK and scan these implants using micro-CT to 
determine the uncertainty related to the manufacturing process. 
This will provide a measure for the total deviation between the vir-
tual model and real implant. Finally, practical consequences for the 
neurosurgical procedure will be evaluated in the context of a subse-
quent clinical study.

5  |  CONCLUSION

We showed that both approaches, TPS-based and CAD-based 
using Materialise®, are capable of reconstructing large unilateral 
and bilateral cranial defects with an RMSE of <1.25 mm. However, 
the TPS-based reconstruction approach is additionally able to 
reproduce implant thickness with a high accuracy using a dense 
distribution of internal and external landmarks across the neu-
rocranium. Using existing landmark templates can significantly 
decrease the amount of time that has to be invested for the recon-
struction of future clinical cases with cranial defects. In contrast, 
the CAD-based approach uses the geometric information of only 
one reference below a manually defined spline, which makes it fast 
but prone to deviations during alignment and mirror imaging. Also, 
implant thickness cannot mimic the physiological thickness distri-
bution of the affected cranial bone adequately. Both approaches 
are well documented, hence increasing reproducibility when ap-
plying the reconstruction process step-by-step. The estimation of 
implant design accuracy is an important factor in the assessment of 
error propagation during implant manufacturing, particularly when 
using additive manufacturing.
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