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Abstract

Introduction The aim of this study was to investigate the possible correction of the pelvic sacral angle
(PSA) with a dome pelvis osteotomy (DPO) as alternative for a pedicle subtraction osteotomy (PSO) in
patients with loss of lumbar lordosis (LL). Methods Three dome pelvic osteotomies were determined:
around the sacral endplate (SEDPO), around the sacroiliac joint (SIDPO), and around the acetabulum
(ADPQ). These three DPO types were performed on 10 human pelves in an in-silico study using
Materialise 3-matic 3D modelling software. The ADPO was chosen to be the best and was tested on a
saw bone using a patient-specific 3D modelled bilateral saw guide. Before and after the osteotomy,
the PSA and bone contact were assessed on CT scans. Results The cranial pelvic part was rotated with
20 degrees, resulting in a PSA correction of 20 degrees and a respective mean bone contact of 34% (SD
9%), 28% (SD 10%), and 31% (SD 5%) for the SEDPQ, SIDPO, and ADPO. The ADPO on the saw bone test
resulted in 4 degrees PSA deviation and 3% bone contact deviation from the planning. Conclusion The
ADPO proved to be technically effective and practically feasible. A cadaveric study and clinical study
are required to determine the anatomical viability and safety in humans. The DPO is regarded as a
useful tool in the orthopedic arsenal for spinal alignment surgery based on in-silico and practical tests.

Keywords Dome pelvic osteotomy e loss of lumbar lordosis ¢ sagittal alighnment of the spine e
3D-printed ® saw guide



Dome pelvic osteotomy for patients with loss of lumbar lordosis — April 2023 — M.L. Claessens



Dome pelvic osteotomy for patients with loss of lumbar lordosis — April 2023 — M.L. Claessens

Contents
LiSt Of @DDIEVIATIONS ....eeeeieiiiee ettt st ettt e bt e s st sane e b b ns 7
T (o o [V Tt o] o FOR T PP PPT PRI 9
1. FUNA@MENTAL WOTK ...ttt ettt sttt s e e bt e e st e e sbe e e sabeesabeesneeesareenane 12
1.1 Defining dome pelvic 0steotomy l0CatioNS........eviiiciiiiiiiiie e 12
1.2 Defining coordinate SYSTEM.......uiii it e st e e e bae e e e e bte e e s ebt e e e e ebteeeeeanes 12
1.3 Defining a universal outcome parameter for sagittal alignment correction ..........cccceeeecvvveeennns 13
B 1 By | oo Ty U T L PRSP 16
P B Y/ =1 1 g To Yo L TSPV PPV PP UOTRTOUSTPPRIN 17
2.1.1 Data PreParation ......cceeiiieieiieiieeeeee e e ettt e e e e e e ettt e e e e e s e s ree e e e e e e e s bt raeaeeeeeaaaabrraaaaeeeaaas 17
2.1.2 IN-SilicO SUrgICal PrOCEAUIE........uviiiiciieee ettt et e e et e e e e bte e e e ebeeeeeebaeeeeeanes 17
R R T 1 = -1 g - | V] £ PSRN 18
2.2 RESUIES ettt ettt ettt et e st e e be e e s bt e s at e e abe e s be e e sabeesateesbaeesbeeenns 19
P 3 ol 1Y (o] o PSPPSR 22
B B0 A 1) =T o] £ =1 - | (o o PRt 22
2.3.2 LIMIEATIONS coeeiiiiiiei e e e s e e 22
2.3.3 RECOMMENAATIONS. .. .eiiiiieteeitette ettt b e st st st e bt e b e e sbe e saee s e ebeebeenes 23
2.3.4 CONCIUSION 1.ttt ettt ettt ettt et e st e e ab e s bt e s beeesabee s bbeesabeesabeeesabeesabeesneeesabeesane 23
3. SAW DONE LB .etiiiiiiectte ettt et ettt ettt e et et e bt e e s abe e s ba e e sabeesbeeebeeesbeeears 24
BLL IMEENOMAS .ttt h ettt et b e bt h e bt ea et et e e bt e be e bt e sae e et e ebeebeenes 24
3.1.1 Design and ManUFACTUIING .....cccuviiiieee ettt et e e e e are e e e e ae e e e e sbreeeeeanes 24
3.1.2 EXECULION OF ThE TOST ..oueiiieieeee e s e 27
T I o =1 V£ PR PPRRPN 28
BL2 RESUIES ettt ettt ettt et b e b ettt et e r e h e s ne e sane e r e reenes 28
3.3 DISCUSSION 1.ttt et e s e e s et e e st e e s e e e s e e e s nr e e s e e e s enreeas 30
3.4 CONCIUSION 1.ttt h e h e sttt b e bt e s bt e s bt e eae e e ateebe e beesbeesabesabeeabeebeennes 32
A, FUTUNE POISPECTIVES . eiiiiieeiteeeeiiiiitte e e e e s essiiitre e e e e s s s s stbbtreeeeessessssabateeeesssssssssaaaeeesssssssssnaeeessenssssnnnns 33
RETEIEINCES ...ttt ettt e b e st s et sttt e bt e bt e s b et sae e e et e ean e er e e neesreesane e 35
Appendix A: Pubic sacral angle (PSA) fOrmuIas.........occuviiiiieeiiie et 41
Appendix B: Overview literature review Saw SUIAES..........uvuieieei it e e e eecrrrre e e e e e e e sennnns 43
Appendix C: SaW bone teSt ProtOCO| ......ceui i e e e e ananes 44
Appendix D: Evaluation form saw bBONe teSt.......cuiiiiiciiii i 45

Appendix E: Pelvic osteotomies for correction of the sagittal alignment of the spine: an in-silico study
comparing four different 0STEOTOMIES. ........cciiiiiiei et e e et e e e e br e e e e aaeeeeeanes 47

Appendix F: SACrUM SAW BUITE ... iiiiiiee ettt et e e e e s e e ree e e e e e e e e babeeeeeeesessnsasaeeeeeeeessnsnnns 56



Dome pelvic osteotomy for patients with loss of lumbar lordosis — April 2023 — M.L. Claessens



Dome pelvic osteotomy for patients with loss of lumbar lordosis — April 2023 — M.L. Claessens

List of abbreviations

LL Loss of lumbar lordosis

L1 First lumbar vertebra

FBSS Failed back surgery syndrome

PI Pelvic incidence

PT Pelvic tilt

SVA Sagittal vertical axis

TPA T1 pelvic angle

ASD Adult spine deformity

PSO Pedicle subtraction osteotomy

BEPO Bilateral extended pelvic osteotomy

DPO Dome pelvic osteotomy

uMcCuU University Medical Centre Utrecht

SEDPO Dome pelvis osteotomy around the center of the sacral endplate
SIDPO Dome pelvis osteotomy around the center of the sacroiliac joint
ADPO Dome pelvis osteotomy around the center of the acetabulum
APP Anterior pelvic plane

L-ASIS Right anterior superior iliac spine

R-ASIS Left anterior superior iliac spine

MPT Midpoint of the pubic tubercles

SS Sacral slope

TK Thoracic kyphosis

PSA Pubic sacral angle

CTA Computed tomography angiography

LSM Least squares method

ITP Iterative tangential plane
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Introduction

Degenerative loss of lumbar lordosis (LL) is a condition where the angle between the endplate of first
lumbar vertebra (L1) and the sacrum diminishes.! The lumbar spine can flatten due to spinal
degeneration such as disc disease or facet arthrosis.2 The lumbar spine can also flatten as a result of
spinal fusion, especially secondary to Harrington rod instrumentation.® This is often referred to as
postsurgical spine syndrome or failed back surgery syndrome (FBSS).*3 The annual incidence of lumbar
degenerative spine disease and FBSS is respectively 3.63% and 0.033% worldwide.>®

Loss of LL is associated with chronic low back pain and sagittal malalignment, which is visible in Figure
1.7® This positive sagittal balance is compensated by muscular effort to tilt the pelvis; the pubic bone
is moved cranially and the sacrum anteriorly to attain an upright posture and horizontal gaze.?®

Figure 1. Differences between the a) normal spine Figure 2. Sagittal spinopelvic radiographic
and b) spine with degenerative loss of lumbar parameters. Visualized are the lumbar lordosis (LL),
lordosis.® pelvic incidence (Pl), pelvic tilt (PT), sagittal vertical

axis (SVA), and T1 pelvic angle (TPA).*

To quantify the loss of LL, certain radiographic sagittal spinopelvic parameters are used, which are
displayed in Figure 2.2 LL is the angle between the superior endplate of L1 and the sacrum, which is
60°on average in healthy individuals.® The pelvic incidence (Pl) is the angle between the plumb line of
the sacral endplate and the center point of the femur head. The Pl angle is a measure for sagittal spinal
alignment.® This is 55 degrees (SD 10) in healthy individuals.? The sagittal vertical axis (SVA) is drawn
downwards from the center of C7, it should be within 5 mm from the superior-posterior point of the
sacrum. In patients with loss of LL, the SVA is shifted anteriorly and the distance to the sacrum is
more than 5 mm.
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Figure 3. Six osteotomy grades for adult spine deformity (ASD) treatment 1) partial facet joint resection, 2)
complete facet joint resection, 3) pedicle and partial body resection, 4) pedicle, partial body, and disc resection,
5) complete vertebra and disc resection, and 6) multiple adjacent vertebrae and disc resection.*?

Current surgical treatment for sagittal spinal deformity is pedicle subtraction osteotomy (PSO), this is
indicated in patients with more than 25 degrees of loss of LL.23 The PSO aims to restore the SVA and
therefore the sagittal alignment of the spine. The PSO can be classified into six types with increasing
ability to correct the spinal alignment, which are visualized in Figure 3.1%'2 Complication rate of open
adult spine deformity (ASD) surgery is 62.5%.%> Complications include, but are not limited to: injury to
cauda equina, death, injury to nerve root, vascular or visceral injury, adjacent segment degeneration,
and proximal junctional kyphosis.>*®> Additionally, the incidence of pseudoarthrosis in ASD surgery is
6.3%' Next to that, PSO is associated with an average blood loss of 2 L.}* Reoperation in the same
region to treat FBSS has shown a success rate of only 35% and a high morbidity rate.'”!! The success
rate of spinal surgery declines with the number of prior spinal surgery to 15% and 5% for third and
fourth surgery.® Therefore, the goal of this research is to develop a treatment strategy instead of the
pedicle subtraction osteotomy that restores the SVA in patients with loss of lumbar lordosis. For that
purpose, we aim at a pelvic osteotomy.

A new surgical technique for spinal sagittal malalignment was proposed at the University Medical
Centre Utrecht (UMCU). This surgery targets the pelvis rather than the spine to realign the spine in
sagittal direction and is called the bilateral extended pelvic osteotomy (BEPO).' In this procedure, a
variation on the Salter osteotomy is created bilaterally. Contrary to the Salter osteotomy, one
centimeter of posterior iliac cortex is left intact.’® This results in a cranial and caudal pelvis part.
Subsequently, the upper part is tilted to decrease the Pl with subsequent adjustment of the SVA. This
is visualized in Figure 4.

Research regarding this alternative for PSO is ongoing at the UMCU. A cadaver study of the BEPO
showed a mean correction of the Pl of 10.4 degrees and showed occurrence of bilateral hinge fractures
in the posterior iliac cortex at the location of the sciatic nerve foramen.'® A patient specific wedge
implant was recommended to achieve a stable pelvis.’ The correction after the BEPO is much lower
than required as an alternative for e.g. PSO with an correction indication of 25 degrees?®? or the
average correction that can be achieved in the spine according to Schwab (20-35 degrees).’>3
Additionally, the feasibility and safety of the BEPO is arguable, due to the chance of posterior hinge
fractures. This primed the curiosity about a potential improvement in correction angle and stability
with an alternative pelvic osteotomy.

10
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Figure 4. The bilateral extended pelvic osteotomy Figure 5. The dome pelvic osteotomy (DPO) with
(BEPO) with angulated cranial pelvic part. rotated cranial pelvis part.

An alternative for the BEPO has been proposed at the UMCU. This surgery is a variation of the Pemberton
periacetabular pelvic osteotomy as first described by Pemberton.?! It is a dome-shaped osteotomy, that is
created bilaterally, proceeding all the way through the ilium towards the sciatic nerve foramen.
Subsequently, the cranial part is rotated posteriorly with respect to the caudal part. This procedure will
hereafter be referred to as the dome pelvic osteotomy (DPO). Figure 5 shows an example of the DPO.

The hypothesis is that a DPO will be advantageous over a BEPO because
1) there is no risk of posterior hinge fracture, since the DPO divides the ilium in two parts,
2) the bone bone-to-bone contact facilitates stable fusion,
3) alarger correction angle can be achieved by the DPO.

We believe this larger correction can be achieved for two reasons: 1) The cranial pelvis part can be rotated
around a point that is the true rotation axis of the spine with respect to the pelvis, rather than around the
posterior osteotomy point of the BEPO. 2) A DPO does not result in an opening wedge that destabilizes
the pelvis and poses risk fracture, so a larger correction angle might be possible.

The aim of this study is to investigate the feasibility and efficacy of the DPO compared to the PSO and
BEPO to adjust the sagittal spinal alignment in patients with loss of lumbar lordosis. Chapter 1 explores
three different locations of the DPO. It provides a definition of the pelvic coordinate system, which serves
as the basis of the 3D modelling the DPO. It also specifies a universal outcome parameter for sagittal
alignment correction. Chapter 2 studies the difference between the three different DPO locations in
sagittal alignment adjustment of the spine and bone contact of the cranial and caudal pelvis part in-silico.
These results are compared with the PSO and the BEPO. Based on the in-silico results, the best type of
DPO was chosen in a panel meeting with two orthopedic surgeons. Chapter 3 investigates the technical
feasibility of the chosen DPO using a lateral surgical approach and a 3D printed saw guide in a saw bone
study. Finally, Chapter 4 addresses future steps needed to implement the ADPO clinically.

11
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1. Fundamental work

1.1 Defining dome pelvic osteotomy locations

The possible locations of the DPO were first evaluated. The DPO location is where the dome osteotomy’s
center point is located. We considered 1) the natural rotation axis of the spine with respect to the pelvis
and 2) the feasibility of the surgical approach and procedure to determine the DPO locations. The pelvic
incidence angle is measured from the center of the sacral endplate. Therefore, we hypothesized that
performing the DPO and rotating the pelvis around this point, would change the PI. Since the Pl angle is a
measure for sagittal spinal alignment!?, this would directly change the sagittal alignment of the spine. The
second location is the sacroiliac joint. Because this is the location where the spine theoretically rotates
with respect to the pelvis, if the sacroiliac joint was not as stiff as it is. The third location is the acetabulum
center, as this provides the functional rotation of upper body with respect to the lower body by pelvic tilt.
This is also known as an accessible location to perform a pelvic osteotomy, since multiple periacetabular
osteotomies, such as the Pemberton and Chiari osteotomy are performed here.?22324

Hence, three DPOs were defined to adjust the sagittal alignment of the spine, as visualized in Figure 6:

1) around the center of the sacral endplate (SEDPO),
2) around the center of the sacroiliac joint (SIDPO),
3) around the center of the acetabulum (ADPO).

Figure 6. Three pelvic dome osteotomy techniques: a) around the center of the sacral endplate (SEDPO) b around
the center of the sacroiliac joint (SIDPO), and c) around the center of the acetabulum (ADPO).

1.2 Defining coordinate system

A pelvic coordinate system was needed to reproducibly 3D model the DPO planning. A robust pelvic
coordinate system defined by the bony landmarks on the pelvis is the anterior pelvic plane (APP)
coordinate system, this is visible in Figure 7a. The sagittal plane is defined by a plane perpendicular to the
APP and through the center point, the midpoint between the right and left anterior superior iliac spine
(ASIS), and the midpoint of the tubercles (MPT). The axial plane is defined perpendicular to the APP and
the sagittal plane through the center of the coordinate system. The APP, sagittal, and axial plane together
create the APP coordinate system, as is visible in Figure 7b.

12
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The APP is a commonly used coordinate system when measuring angles in the dysplastic hips® and
defining acetabular component orientation in total hip replacements??’. We speculate that the anatomic
landmarks are pronounced and can therefore be reproducibly selected on pelvic CT scans, ensuring a
robust method to define a pelvic coordinate system.

PH PW

Figure 7. a) The anatomic landmarks: right anterior superior iliac spine (R-ASIS), left anterior superior iliac spine (L-
ASIS), and the midpoint of the pubic tubercles (MPT) that define the anterior pelvic plane (APP), and the center of
the coordinate system.? The z-axis is directed towards posterior. b) The coronal, sagittal, and axial plane of the
coordinate system.?®

1.3 Defining a universal outcome parameter for sagittal alignment correction
An outcome parameter was needed to quantify the change in sagittal balance of the spine with respect to
the pelvis after a DPO. Such a parameter must meet four requirements, it must be:

1) independent of the position of the patient,

2) related to the rotation angle of the cranial part relative to the caudal part,
3) measurable in a robust way,

4) related to the sagittal balance of the spine.

Recent literature about sagittal spinal balance classification and correction using a pelvic osteotomy uses
the PI to quantify the change in sagittal balance.'®?%293031 Therefore, this parameter was considered as
outcome parameter. The Pl is defined by a line perpendicular to the sacral endplate center and a line from
the center of the sacral endplate to the line between the two acetabulum centers, as is visualized in Figure
8a. The Plis independent of the orientation of the pelvis®2. Next to that, the bony landmarks that compose
the PI are evident and can therefore be identified robustly. Additionally, the Pl is shown to be strongly
correlated with pelvic tilt (PT)!>* and sacral slope (SS)1%?%3%32 following formula (1). These pelvic
parameters, in turn, determine the lumbar lordosis?® and thoracic kyphosis (TK)?%34; the sagittal balance
of the spine. following formula (2). Therefore, the Pl is related to the sagittal balance of the spine.

PI = PT +SS (1)
TK = 2 x (PT + LL — PI) (2)

However, the Pl does not meet the second requirement; the Pl does not change when the cranial part is
rotated around the caudal part after an ADPO, as is shown in Figure 8b. This is also shown by Roussouly et
al.; the Chiari osteotomy, which is comparable to our ADPO, did not show a change in Pl angle.®®

13
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Figure 8. Pl measurement a) before and b) after the periacetabular dome osteotomy resulting in the same Pl angle.

There are two reasons for this: first, the lines defining the Pl angle, are divided by the osteotomy and
second, one of the points that defines the PI, functions as a rotation point for the cranial pelvis part. This
causes the Pl to remain unchanged, because the two lines that define the PI, do not change with respect
to each other. Similarly, the anterior plane line in relation to the sacral endplate cannot be used as it is
intersected by the osteotomy. The three osteotomy lines and a line from the sacral endplate to the APP
are visualized in Figure 9.

A line where one point is the same as the rotation point of the ADPO would work, as long as this line is not
intersected by the osteotomy. Therefore, we propose a universal angle that changes when the cranial part
is rotated relative to the caudal part; the pubic sacral angle (PSA). This is defined as the angle between
two lines: 1) the line connecting the left pubic tubercule and the left acetabulum center, located below
the osteotomy line, and 2) a line perpendicular to the center of the sacral endplate in the sagittal plane,
similar to posterior line of the PI, which is located above the osteotomy line. The PSA is visualized in Figure
10.

14



Dome pelvic osteotomy for patients with loss of lumbar lordosis — April 2023 — M.L. Claessens

| Acetabulum
l center
I

Pubic
tubercule

Figure 9. Osteotomy lines of the SEDPO (yellow), Figure 10. Schematic depiction of the pubic sacral
SIDPO (green), ADPO (blue), the APP (grey), sacral angle (PSA), the angle between the pubic tubercule,
endplate (black), and a line from the sacral endplate the center of the acetabulum, and the center of the
to the APP (red). sacral endplate.

This PSA meets all four requirements to quantify the change in sagittal balance after a PDO. First, it is
independent of the position of the patient.3? Second, the PSA changes similar to the rotation of the cranial
part of the dome osteotomy, following formula (3). Here, B is the rotation angle of the cranial pelvis part
relative to the caudal pelvic part. Third, the sacral endplate center, pubic tubercule, and acetabulum center
are distinct, so these landmarks can be identified robustly. Fourth, the PSA is related to the sacral slope,
following formula (4). Here a is the angle of the lower line of the PSA angle and the vertical, as is elucidated
in Appendix A. As was shown above by formula (1) and (2), the SS is a measure for the spinal sagittal
balance. Therefore, formula (4) shows that the PSA is related to the sagittal balance of the spine.

APSA = (3)
PSA=180—-SS—a (4)

The derivation of these formulas can be found in appendix A.

15
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2. In-silico study

The three DPO types were performed on ten healthy subjects in an in-silico study to gain knowledge on
the feasibility of the DPO. Both the technical feasibility and the anatomical feasibility were studied. Five
outcome measures with requirements were set, this is shown in Table 1. The minimum PSA angle
requirement was based on the results of the BEPO study, that showed maximum a correction of 15
degrees.'® The goal was to realize more correction with the DPO than with the BEPO. The minimal bone
contact needed for stable fixation and eventually bone union was hypothesized to be 25%, since no
literature was available on the minimum needed bone contact.

Table 1. Outcome measures and requirements of the in-silico study.

Outcome measure ‘ Requirement
Technical feasibility
1. PSA Must be at least 15 degrees.
2. Bone contact Must be at least 25%.
Anatomical feasibility
3. Sciatic nerve manipulation Must not be compressed.
4. Sacrum translation Should translate relative to the APP as little as possible.
5. Surgical approach Must be possible.

The in-silico study exactly quantifies the technical feasibility; the effect of the DPO on the sagittal
alignment (the APSA) and the remaining bone contact. The in-silico study approximates the anatomical
feasibility, since this can only be properly researched in a test setup that represents the anatomic features,
such as a cadaver test. The most feasible of the three DPO types was chosen in a panel meeting with two
orthopedic surgeons with 10 and 30 years of experience. This DPO type will be used in the saw bone test.
The protocol of the in-silico study is visualized in Figure 11.

In-silico study

Outcome measures

1 2 3 4 5

SEDPO | | SIDPO | | ADPO

A 4 i v v v

Panel meeting

I

2

Figure 11. Schematic overview of the in-silico study.
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The choice was made to develop one standard treatment that can be used in all patients, rather than
further develop the SEDPO, SIDPO, and ADPO to create a patient specific treatment. In a patient specific
treatment, all three DPO types would be planned for one patient. The DPO yielding the most bone contact
would be chosen for that patient. In a standard treatment, however, the DPO chosen in the in-silico study
would be used in every eligible patient. This ensures fast growing experience with this osteotomy and
therefore a safer procedure. We think this extra safety of a standard treatment outweighs the benefit of
a larger bone contact that the patient specific treatment can provide in some patients.

2.1 Methods

2.1.1 Data preparation
Ten computed tomography angiography (CTA) scans were selected from an existing anonymized database
with thirty CTA scans. The inclusion criteria in descending order of importance, were:

e no history of pelvic or hip fractures,
e largest possible distribution in PI,

e largest possible distribution in age,
e the female:male ratio should be 1:1.

The data set consisted of 5 male and 5 female patients, with a mean age 27 years old (SD 5) and a mean
Pl of 56 degrees (SD 14). All CTA scans included the whole pelvis and had a slice thickness of 0.9 mm. None
of the subjects had any history of pelvic fractures, hip fractures, or surgery. The patients approved usage
of these scans for research purposes. The Medical Ethical Committee judged the data not to be subject to
the Medical Research Involving Human Subjects Act (WMOQO), according to IRB Protocol 16-612/C. The
pelves and sacrums were segmented using Materialise Mimics 24.0 (Materialise, Leuven, Belgium). In five
pelves, the sciatic nerve was segmented by marking the nerve location in 10 slices using Materialise Mimics
24.0.

2.1.2 In-silico surgical procedure

The three dome pelvic osteotomies; 1) the SEDPO, 2) the SIDPO, and 3) the ADPO were modeled on every
pelvis using Materialise 3-matic 16.0 (Materialise, Leuven, Belgium). Cylinders were used to model the
osteotomies, with cylinder’s mantle serving as the osteotomy cutplane. The direction of these cylinders
was parallel to the x-axis of the APP. The locations of these cylinders were 1) the center of the sacral
endplate, 2) the center of the sacroiliac joint, and 3) the center of the left acetabulum. Depending on the
type of osteotomy used, the cylinder’s diameter was adjusted until the cylinder intersected the iliac cortex
anteriorly and posteriorly. The SEDPO and SIDPO cylinders intersect the ilium at respectively 3 mm and 6
mm distance from the ASIS anteriorly and in the center of the great sciatic notch posteriorly. The ADPO
cylinder intersects the pelvis between the ASIS and AlIS anteriorly and in the center of the great sciatic
notch posteriorly. This is visualized in Figure 12a. The sciatic nerve markings were imported in Materialise
3-matic 16.0 and the nerves were reconstructed. This is visualized in Figure 12b.
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Figure 12. a) The osteotomy cylinders (bright green) and b) the sciatic nerve (orange) reconstruction for the SEDPO
(vellow), SIDPO (green), and ADPO (blue).

The cylinders were carefully positioned to prevent intersection of the acetabulum roof and the origo of the
sartorius muscle. Using Materialise 3-matic 16.0, each osteotomy type was carried out by dissecting the
ilium along the cylinder surface, beginning at the iliac crest or iliac spine and ending at the sciatic foramen.
This divided the pelvis in two parts: the cranial and caudal part. The cranial part was rotated relative to
the caudal part with 10, 15, and 20 degrees.

2.1.3 Data analysis

The PSA was measured in the sagittal plane of the APP after the osteotomy. The PSA was measured in the
preoperative position (0 degrees rotation) and after a rotation of the cranial part of 10, 15, and 20 degrees,
resulting in four angle measurements. The cut surface and the bone contact surface of the ilium parts were
also measured after rotation of 0, 10, 15, and 20 degrees. The contact surface relative to the osteotomy
surface is calculated using formula (6).

bone contact surface of ilium parts (mm?)

Bone contact (%) = x 100 (6)

bone surface at osteotomy surface (mm?2)

To verify a linear relation between the bone contact percentage and the rotation angle, the least squares
method (LSM) was used.?® This method minimizes the sum of squares of errors (the variance), to create a
line of fit. This results in a regression line with the least vertical distance from the data points. For each
DPO type, a line was fitted through the mean bone contact percentages of 0, 10, 15, and 20 degrees

18
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rotation, yielding 3 fitted lines. R? is the coefficient of correlation, an R? of 1.0 indicates a perfect fit, an R?
lower than 0.5 indicates a bad fit. Both the execution of the osteotomies and the measurement of the PSA
and the bone contact was automated by a custom script that was generated using the scripting module of
Materialise 3-matic.

2.2 Results

The relation between the rotation angle and the change in PSA (correction angle) was 1:1 for every DPO
type (SEDPO, SIDPO, and ADPO). Figure 13 shows the pelvis and sacrum after the SEDPO, SIDPO, and ADPO.
The mean bone contact of the SEDPO, SIDPO, and ADPO was respectively 34% (SD 9%), 28% (SD 10%), and
31% (SD 5%) after a rotation of 20 degrees. The SEDPO shows a significantly larger bone contact than the
SIDPO after a rotation of 20 degrees. However, the two-sided, coupled T-test shows no significant
difference with the bone contact of the ADPO after a rotation of 20 degrees.

On the other hand, the ADPO showed the smallest deviation of bone contact, as can be seen in Figure 14.
Additionally, after a rotation angle of 20 angle of 20 degrees the bone contact of the ADPO was higher
than 25% for all pelves. Therefore, the ADPO met requirements #1 and #2 for every pelvis, this is shown
in Table 2. The LSM fit in Figure 14 shows the trendline through the mean bone contact percentages of
rotation angles 0, 10, 15, and 20 degrees, for each DPO type. Each LSM fit had an R2 larger than 0.99. This
a linear correlation of the PSA and the bone contact.

The sciatic nerve compression, sacrum translation and surgical approach were discussed in the panel
meeting. Figure 15 illustrates how the translation of the sacrum towards the APP was the smallest after
the ADPO. The distance between the sciatic nerve and the osteotomy was the largest after the ADPO. This
indicates that no sciatic nerve compression would occur after the DPO, while the SEDPO and SIDPO could
result in nerve compression. Therefore, only the ADPO complied with requirements #3 and #4. The surgical
approach of the ADPO was preferred, because this osteotomy can be performed via an anterior approach
while the patient is positioned supine, similar to the Pemberton and Chiari osteotomy. For the SEDPO and
SIDPO there is no experience and therefore no data on the possibility of the approach. Hence, only the
ADPO complied with requirement #5, this is shown in Table 2. Altogether, the panel meeting decided to
continue with the ADPO.

Table 2. Compliance of the SEDPO, SIDPO, and ADPO with the requirements for the technical and anatomical
outcome measures.

Outcome measure ‘ SEDPO ‘ SIDPO ‘ ADPO
A. Technical feasibility

1. PSA > 15 degrees v v v

2. Bone contact > 25% X X v
B. Anatomical feasibility

3. No sciatic nerve compression X v

4. Minimal sacrum translation X X v

5. Possible surgical approach 4 4 v
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Figure 13. From top to bottom: Lateral and caudal view of the a) SEDPO (yellow), b) SIDPO (green), and c) ADPO
(blue) after cranial part rotation of 20 degrees. The bone contact between the pelvic parts is visualized in striped
red, the non-contact cut surface is visualized in solid red.
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Figure 14. Boxplot of the bone contact percentage for rotation angles 0, 10, 15, and 20 degrees after the SEDPO
(black), SIDPO (blue), and ADPO (red) with the mean least squares fitted line through the mean bone contact
(vellow).

Figure 15. Sciatic nerve and sacrum position in one patient a) before and b) after the SEDPO (yellow), SIDPO (green),
and ADPO (blue).
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2.3 Discussion

2.3.1 Interpretation

Two articles were found that use a similar technique to perform a pelvic osteotomy for sagittal alignment
correction.'®3° Ochtman et al. tested the BEPO in 10 cadavers. The BEPO resulted in a mean change in PI
angle of 10 degrees. Since we employed the PSA as an outcome measure, this cannot be compared with
the correction of the ADPO. Appendix E provides a thorough comparison of the BEPO, SEDPO, SIDPO, and
ADPO.3® Roussouly et al. simulated four pelvic osteotomies on 15 scans of pelvic bones in the software
Surgimap® (Nemaris Inc., New York, NY, USA). A Chiari osteotomy, which is similar to our ADPO, resulted
as expected in a minimal mean difference in Pl angle of 1 degree after rotating 10 degrees. They also
simulated a PSO around the sacral endplate, which is comparable to our SEDPO and SIDPO. This resulted
in a mean difference in Pl angle of 20 degrees for a rotation of 20 degrees.

2.3.2 Limitations

The first limitation is the age difference between the study population and the possible patient population.
The pelves used in the in-silico study were of healthy subjects, aged between 21 and 35 years. The
population suffering from adult spinal deformity and resulting sagittal malalignment typically is 65 years
and older.?” Age should not be a concern for the PI, since the Pl does not change much after growth.3®
However, because of the age difference, it is anticipated that the bone porosity of the patient population
would differ from that of this research. This could have impaired the ability to identify bony pelvis
landmarks. Kuchar, Henys, Retjar et al. automated the prediction of pelvic bone landmarks in a population
of 200 individuals with mean age 64 (SD 13.5 year). They found that the errors between the automated
and manual predicted landmarks were within millimeters. Therefore, it is thought that the capacity to
identify the bony pelvis landmarks is unaffected by age. Moreover, Trobish et al. studied the risk factors
for LL in 417 patients aged 18 and younger who underwent idiopathic scoliosis surgery.3 A comparable
research was carried out by Li et al. in 69 individuals with a mean age of 58.4 years.*’ In both studies, there
was no significant difference in Pl between the patients who developed LL and those who did not.3>%
Consequently, it is assumed that age has no influence on the findings of this study regarding correction
angle and bone contact.

The second limitation is the possible difference between the subjects and the patient population. The
included subjects were younger, in good health, and had no history of spine surgery, loss of lumbar lordosis
or sagittal malalignment. However, the pelvis of the patient population might have a different Pl as a
confounding risk factor for sagittal imbalance. Li et al. reported a significantly larger Pl in patients who lost
lumbar lordosis after idiopathic scoliosis surgery.®® Patients with LL (n=37) had a mean PI of 58.38° (SD
9.13) and patients without LL (n=32) had a mean Pl of 53.16 degrees (SD 8.25). Trobish et al. however, did
not find a statistically significant difference in Pl between patients who developed LL as a consequence of
idiopathic scoliosis surgery and those who did not.>® The Pl of a patient population was also reported by
Roussouly et al.%°. In this study, eleven patients with LL were included to undergo a pelvic osteotomy, they
had a mean Pl of 60 degrees (SD 12.1). Our healthy study population had a mean Pl of 60 degrees (SD 12.9),
which is similar to the LL patient population of Roussouly et al. and Li et al.. Therefore, it is thought that
our study population is a good representation of the patient population regarding the PI. Accordingly, it is
expected that the choice for the ADPO will hold in a larger study population.

The third limitation of this project is the included sample size. The CTA scans of ten patients were included.
This may have caused an under- or overrepresentation of outlier pelvic shapes, sizes or other contributing
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factors. Because of this, it may be impossible to extrapolate the conclusions about bone contact to the
entire patient population, therefore the results on bone contact should be interpreted carefully.

2.3.3 Recommendations

The first recommendation is to conduct an in-silico study in which patients who suffer from LL are included.
For this study a total of 31 pelves should be included in order to achieve a 95% confidence level and
tolerate a 2% margin of error.*! This ensures a better representation of the pelvis size, Pl, and age of the
patient population. As a result, it is possible to more accurately generalize the correction angle and bone
contact achieved by the three DPO types.

The second important addition to the in-silico study is to quantify the change in position of the sacrum
with respect to the pubis. Sacrum position changes during a DPO, which may lead to sigmoid or uterus
compression. An indicator for the change in position of the sacrum is the change in length of the
sacrospinous and sacrotuberous ligaments. Another way to quantify the change in sacrum position would
be to measure the change in distance between the most caudal point of the coccyx to the pubis symphysis.
By measuring these variables, a more accurate differentiation between the SEDPO, SIDPO, and ADPO can
be made regarding the change in sacrum position.

The third recommendation is to evaluate the change in position or manipulation of the sciatic nerve more
elaborately in a cadaver test. This study attempts to objectify a stretch or compression of the sciatic nerve.
To this end, the sciatic nerve was segmented and observed after rotation of the pelvic parts. This does not
give an accurate depiction of the behavior or manipulation of the nerve following the DPO, since the nerve
is rigid in this case. In a cadaver study, the behavior of the nerve can be observed more accurately, which
enables an informed choice for the DPO regarding the risk for the sciatic nerve.

The final recommendation is to investigate the lengthening and shortening of the muscles that attach to
the pelvis and femur, as the gluteus muscles and the piriformis muscle are expected to shorten, while the
rectus femoris, sartorius, iliopsoas muscles are expected to stretch. A possible way to study this, is to
segment the right and left femur, as well as the pelvis and sacrum and measure the distance of each muscle
orgin on the pelvis to the insertion on the femur before and after the correction DPO. This corresponds to
the change in length of these muscles. These lengths need to be compared to literature to investigate if
the rectus femoris, sartorius, iliopsoas muscles can adapt to this change in length.

2.3.4 Conclusion

The in-silico test shows the ADPO is a feasible alternative for the PSO in correction of the sagittal alignment
of the spine. The ADPO leaves the sciatic nerve and the pelvic floor uncompromised and leaves enough
bone contact for a stable fixation of the pelvis. The ADPO can be performed via an anterior approach,
which is shown to be possible for the Pemberton and Chiari osteotomy. The ADPO resulted in 31% bone
contact, which is regarded enough for stable fixation of the pelvis and eventually bone union. Additionally,
the ADPO is an effective alternative for the PSO. It was able to correct the sagittal balance with 20 degrees,
which is similar to the lower limit of the possible correction with a PSO (ranging from 20 to 35 degrees).!>3
All'in all, the DPO showed to be a technically feasible and effective alternative for the PSO.
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3. Saw bone test

To test the practical feasibility of the ADPO, the ADPO was tested on a saw bone. An asymmetric cut could
lead to compression or contraction of the sacrum. An incorrect saw cut shape could result in an erroneous
rotation of the pelvic parts, in turn resulting in a deviation of the correction angle or bone contact from
the planning. Hence, it is of utmost importance that the saw cut does not deviate from the planning.
Therefore, a saw guide was designed to ensure a symmetric dome-shaped saw cut of both the right and
left ilium along the perimeter of a virtually defined cylinder. An additional k-wire guide was designed to
enable an accurate rotation of the pelvic parts with 20 degrees.

3.1 Methods

The methods of the saw bone test consisted of the design and fabrication of the saw guide, the execution
of the test and the analysis. The saw guide design included a literature review of currently used, patient-
specific pelvic saw guides, composing the saw guide requirements and the development of the saw guide.
Figure 16 gives a schematic overview of the saw bone test methods.

ADPO

Saw bone test

I Literature |
A 4
Design | Requirements |
and
manufacturing | Design |
| Fabrication |

..............

______________

Analysis

Figure 16. Schematic overview of the saw bone test.

3.1.1 Design and manufacturing

First, a literature review was performed about the state of the art of pelvic saw guides. In bone tumor
resection cases, lateral, *>4**44> medial*®*’, and anterior saw guides*® were designed and clinically used.
These are enumerated in Table 3. An elaborate overview of the saw guides found in literature, can be
found in Appendix B.
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Table 3. Overview of the pelvis saw guides found in literature.

Saw guide Surgical approach Guiding principle

llium saw guide Lateral Support beam*
Trans-acetabulum saw guide Lateral Slit with small contact surface®
llium saw guide Lateral Slit with large contact surface*
Ilium saw guide Lateral Slit with large contact surface®
Peri-acetabular saw guide Medial Slit with small contact surface®®
Peri-acetabular saw guide Medial Support block*’

llium saw guide Anterior Directional slit*®

The medial approach does not provide enough space for the saw to enter the ilium in the posterior part,
making it impossible to execute the DPO. Additionally, the guide will be manufactured from nylon using
additive manufacturing. The anterior approach would require a guiding slot or block that bends an
oscillating saw in the anterior-posterior direction. Since the saw is harder than nylon, the guide will be
pierced by the saw, instead of guiding it. Therefore, the anterior saw guide was eliminated, and the lateral
guide concept was developed. Second, design requirements were composed for the design of the saw
guide and the k-wire guide, these are enumerated in Table 4.

Table 4. Design requirements of the saw guide and caudal k-wire guide.

Part

Requirement

Saw guide

A unique placement of one guide on the ilium must be achievable in under 1 minute
Must facilitate sawing of the total width of the ilium, measuring 91 mm

Must support a 50x1.2x0.7 mm reciprocating saw blade

Must have three holes of 1.9mm diameter with a tolerance of -0.1 and + 0.4mm®* to
allow fixation with 1.8mm k-wires

Must leave the gluteus maximus, gluteus medius, tensor fascia latae, sartorius, and
rectus femoris muscle attachments uncovered

Must have a label to specify the side and orientation of the guide

The right saw guide must have an indicator to verify the rotation angle

The right saw guide must have a key with a minimal thickness of 1.5 mm to attach the
k-wire guide

Must be intuitive in use

K-wire guide

Must have one hole with 2.1 mm diameter with a tolerance of -0.1 and + 0.4mm* to
allow entrance of a 1.8mm k-wire into the caudal part

Must have a keyhole with a width of 1.6 mm and a tolerance of 0.6-0.8 mm* to attach
to the saw guide
A unique placement on the right saw guide must be achievable in under 1 minute

Safety Must have smooth posterior edges to spare the sciatic nerve

Must have a label to specify the depth of the k-wire to spare the colon
Production Must be producible by additive manufacturing
and material Must be sterilizable with an autoclave

Must be resistant to the wear from inserting the k-wires
Must be resistant to the wear from supporting the reciprocating saw.
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Third, a CT-scan of the synthetic pelvis was obtained using the Brilliance CT Big Bore (Philips Medical
Systems Nederland B.V., Best, The Netherlands). The pelvis and sacrum were segmented using Materialise
Mimics 24.0. Subsequently, the ADPO with 18° rotation was planned in Materialise 3-matic 16.0, using the
custom algorithm that was designed in the in-silico test. The ADPO planning showed a bone contact of
21% for a correction angle of 20 degrees.

Finally, the saw guide and k-wire guide were modelled in Materialise 3-matic 16.0. The first step in the saw
guide design was creating a curved beam along the ilium proceeding around the iliac spine. The beam was
positioned cranially from the saw path, to determine the position and direction of the saw. The guide was
designed to leave the insertion of gluteus maximus, gluteus medius, sartorius, and rectus femoris muscle
exposed. The designed beam indicates the sawing direction. It has a height of 8 mm to ensure a stable fit
around the ilium and iliac spine and a depth of 20 mm, to support the saw. Subsequently, two 10 mm high
fins were designed over the iliac crest tubercle and over the ilium towards the sacroiliac joint to establish
a unique placement of the saw guide. Finally, three tubes with an inner diameter of 1.9 mm and outer
diameter of 5.0 mm were added to allow passage of the k-wires for fixation of the guide on the ilium. Care
was taken to avoid intersection of the k-wires. The length of the tubes was adjusted to ensure support of
the k-wire along 50 mm inside the tube and saw guide. The maximum depth of the k-wires was engraved
in the tubes to prevent the k-wires from exiting the ilium medially and damaging the iliopsoas muscle and
colon. The saw guide does not extend around the sciatic foramen and has no sharp edges or corners
posteriorly to prevent damage to the sciatic nerve. The right and left saw guide were labeled to clarify the
pelvis side on which they should be positioned and to clarify their orientation on the ilium. The saw guide
is shown in Figure 17a.

The k-wire guide was designed only on the right side. The left saw guide was not provided with rotation
indicator markings, because the left and right upper pelvic part are connected by the sacrum. Therefore,
the left and right upper pelvic parts will rotate at once, thus verification of the rotation indications on one
saw guide is sufficient. The k-wire guide was modelled by first creating a block that fits over the right saw
guide between the medial and posterior k-wire. The block was thin enough to enable removal of the block
while the saw guide remains fixated by k-wires. Subsequently, the saw guide and k-wire guide were
connected by a keyed joint. A key of 1.5 mm thickness was added to the saw guide and a keyway of .1.6
mm thickness was created in the k-wire block. This created a unique fit and the ability to slide the k-wire
guide onto the saw guide. Next, the k-wire guide was provided with a hole of 2.1 mm diameter to facilitate
drilling of the k-wire into the caudal part of the ilium. Finally, three markings were engraved in the right
saw guide that indicate a rotation angle of 10, 15, and 20 degrees. The engravings proceeded onto the
caudal part of the saw guide, in the same direction as the caudal k-wire. This enabled verification of the
rotation angle on the lateral and caudal side of the saw guide. The engravings were narrow to allow smooth
passage of the reciprocating saw along the caudal saw guide surface. The k-wire guide is shown in Figure
17b. The guides were printed in-house in nylon using the Fuse 1+ 30W SLS printer (Formlabs, Sommerville,
United States).
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Figure 17. a) The right saw guide and k-wire guide, fixated with k-wires, before rotation, b) the right saw guide and
caudal k-wire (blue) after rotation.

3.1.2 Execution of the test
To perform the ADPO on the saw bone, the following materials were used:

= one saw bone pelvis (Synbone SND BHD =  one drill
Indahpura, Malaysia) =  two bench clamps
= one reciprocating saw Acculan 3Ti (B. Braun =  two glue clamps
Medical S.E., Oss, The Netherlands) = amarker
= one sawblade of 50 mm by 1.2 mm by 0.7 mm = aruler
(Aesculap AG, Tuttlingen, Germany) = the right and left saw guide
=  six k-wires with a diameter of 1.8 mm = the k-wire guide

=  one k-wire with a diameter of 2.0 mm

The synthetic bone was placed in bench vices, the right and left saw guides were positioned and fixated
with k-wires, as is visible in Figure 18a. The pelvis was cut using the reciprocating saw. Subsequently, the
caudal k-wire was placed using the k-wire guide and the pelvis was rotated with 18 degrees. The rotation
angle was verified using the caudal k-wire and the rotation marks on the right saw guide. Unfortunately,
the pubic bone of the pelvis model was made of foam. The foam allowed significant movement of the right
caudal pelvis part relative to the left caudal part. Therefore, the caudal pelvis was returned to its original
position as well as possible and the pubic bones were fixated with two 1.8mm k-wires. Finally, the cranial
and caudal parts were fixated with one 1.8mm k-wire on each side, placed from the AlIS towards the iliac
tubercule, this is visible in Figure 18b. The full protocol for the saw bone test can be found in Appendix C.
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Figure 18. a) Position of the right saw guide on the saw bone and b) the fixation of the saw bone after the ADPO.

3.1.3 Analysis

The saw guide design, k-wire guide design and feasibility of the pelvic osteotomy were evaluated by an
orthopedic surgeon who participated in the saw bone test and has more than ten years of experience. The
evaluation form can be found in Appendix D. The ADPO operated saw bone was scanned using the
Brilliance CT Big Bore. The CT scan was segmented in Materialise Mimics 24.0. The postoperative PSA and
bone contact were measured manually in Materialise 3-matic 16.0, using the same method as described
in section 2.1. The postoperative PSA was compared to the preoperative PSA to determine the correction
angle. The postoperatively achieved PSA and bone contact were compared to preoperative planning and
the results of the in-silico test.

3.2 Results

The CT segmentations of the saw bone before and after the ADPO are visualized in Figure 19. The achieved
correction angle was 14 degrees, which is a difference of 4 degrees from the planning. The achieved bone
contact was 18%, which is a difference of 3% from the planning. A unique fit of the saw guides and k-wire
guide was achieved within 10 seconds. The guide did facilitate sawing of the total width of the ilium. The
saw was angulated when sawing the ilium, therefore, the surgeon hypothesized the saw guide would not
be enough to guide the ADPO in clinical setting. The surgeon further believed that by employing the
sawguide in clinical setting, the attachments of the gluteus maximus, gluteus medius, fascia latae,
sartorius, and the rectus femoris muscle would not need to be sacrificed and the sciatic nerve would not
be jeopardized. The surgeon found the saw guide and k-wire to be intuitive in use. The saw guide and k-
wire guide showed to be susceptible to the wear from supporting the reciprocating saw and inserting the
k-wires. The requirements met by the saw and k-wire guides are listed in Table 5.
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Figure 19. A anterior and lateral view of a) the segmented CT-scan of the saw bone before the ADPO, b) the ADPO
planning on the saw bone, and c) the segmented CT-scan of the saw bone after the ADPO.
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Table 5. Overview of the saw guide and k-wire guide requirement compliance.

Part Requirement Yes/No

Saw guide A unique placement on the ilium must be achievable in under 1 minute Yes
Must guide de saw along the total width of the ilium, measuring91 mm  Yes
Must support a 50x1.2x0.7 mm reciprocating saw blade No
Must have three holes of 1.9mm diameter with a tolerance of -0.1and+ Yes
0.4mm* to allow fixation with 1.8mm k-wires
Must leave the gluteus maximus, gluteus medius, tensor fascia latae, Yes
sartorius, and rectus femoris muscle attachments uncovered

Must have a label to specify the side and orientation of the guide Yes

Must have an indicator to verify the rotation angle Yes

Must have a key with a minimal thickness of 1.5 mm to attach the k-wire Yes

guide

Must be intuitive in use Yes
K-wire Must have one hole with 2.1 mm diameter with a tolerance of -0.1and+ Yes
guide 0.4mm* to allow entrance of a 1.8mm k-wire into the caudal part

Must have a keyhole with a width of 1.6 mm and a tolerance of 0.6-0.8 Yes
mm* to attach to the saw guide
A unique placement on the right saw guide must be achievable in under Yes

1 minute
Safety Must have smooth posterior edges to spare the sciatic nerve Yes
Must have a label to specify the depth of the k-wire to spare the colon Yes
Production  Must be producible by additive manufacturing Yes
and Must be sterilizable with an autoclave Yes
material Must be resistant to the wear from inserting the k-wires No
Must be resistant to the wear from supporting the reciprocating saw. No

3.3 Discussion

The achieved correction angle of 14 degrees was smaller than the planned 18 degrees. This can be
explained by an inaccurate read of the rotation angle indicator. The achieved bone contact of 18% was
smaller than the planned bone contact of 21%. This difference can be explained by the imperfect
osteotomy, which resulted in a slight difference in rotation and subsequent final position of the pelvic
parts and bone contact. Additionally, this bone contact is substantially smaller than the bone contact found
in the in-silico study, where the contact surface varied between 24% and 39%. This can be explained by
the fact that accidentally, a pelvic model with a displaced symphysis rupture was used. This pelvis has a
foam block between the left and right pubis and a displaced left and right pubis. As a result, the pelvis is
asymmetric and the angle between the left and right ilia in the axial plane is larger. This causes the bone
contact to decrease more when the cranial parts are rotated after the ADPO. The pathologic pelvic model
also posed the need for fixation of the pubic bones with k-wires, this should have been done before the
ADPO. The fixation of the pubic bones after the ADPO could have resulted in a slight angulation of the right
caudal part relative to the left caudal part. This could have deviated the rotation direction from the
planning, which could in turn have influenced the correction angle and the bone contact.

The caudal and cranial parts were fixated on the right and left side with a 1.8mm k-wire from each AlIS
towards the iliac tubercule. It is visible that the cut planes of the parts do not collide, since no screws were
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used to pull the pelvic parts together. This could in turn have influenced the obtained rotation angle and
bone contact. It is recommended to test the fixation of the cranial and caudal pelvic parts. Pelvis fractures
in a line similar to the ADPO path are internally fixated with iliac crest screws®?, an ilium plate® or posterior,
or anterior column screws®>>3, External fixation is done with supra acetabular pins or iliac crest pins.>
When an anterior approach is used, cannulated screw fixation of the ilium using iliac crest screws or supra
acetabular screws could be tested. Two screws can be placed on each side of the pelvis; one screw is to be
placed from the AlIS towards the iliac tubercle and the other screw must be inserted in the iliac crest
towards the posterior point of the caudal ilium part. This way, the cranial and caudal parts are fixated
bilaterally at the two bone contact points.

The k-wire guide was an intuitive way to place a k-wire as rotation angle indicator. The tolerance of the k-
wire guide, however, was too large. The k-wire guide did not have a tight fit around the saw guide. This
can be improved by making the keyway 0.5 mm smaller, resulting in a smaller clearance between the key
and the keyway. Additionally, the caudal k-wire in combination with the engraving in the saw guide
showed to be an intuitive and effective method to verify the rotation angle. It would be useful to
incorporate a similar rotation indication device in the next iteration of the saw guide design.

In clinical practice, this lateral saw guide would not be sufficient to guide the DPO, because the direction
and the depth of the saw was not sufficiently restricted and the surgical approach is not possible in clinical
setting. Positioning the saw against the saw guide was challenging since the k-wires were in the way of the
saw handle. In addition, the 20 mm depth of the saw guide was insufficient to accurately guide the
direction of the saw. The k-wire guiding tubes can be repositioned more cranially on the saw guide, farther
away from the saw path, to create space for the saw. Another solution could be to crop the k-wires after
fixating the saw guide. A third option would be to elongate the depth of the guiding beam from 20 mm to
30 mm. Additionally, the saw depth was not restricted by the guide, this could lead to damage of the
iliopsoas muscle or even the colon. Thirdly, the surgeon questioned whether a lateral approach would
expose enough ilium to position the saw guide. The lateral approach would require an unacceptably large
skin and muscle incision to place the saw guide.

Repeating the saw bone test using an anterior saw guide should be the first step towards clinical
implementation of the ADPO. An anterior saw guide is recommended to improve the surgical approach,
the directional guidance of the saw, and enable restriction of the saw depth. An anterior saw guide should
consists of two interconnected guiding blocks. These are to be placed on the medial and lateral side of the
ilium and interconnect around the iliac spine. The anterior joint should function as the guiding slot with a
depth of at least 30 mm to ensure guidance of the saw direction at the start of the osteotomy. The guides
on both sides of the ilium then guide the osteotomy onwards. An oscillating, flexible saw can be used to
perform the ADPO. The guide should have a stainless-steel lining or be composed completely of stainless
steel. This will prevent the oscillating saw teeth from piercing into the guide. Its anterior entry creates the
possibility to predetermine the depth of the saw path and mark this on the saw.
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3.4 Conclusion

The correction of the sagittal alignment with the ADPO showed to be practically feasible and effective on
a saw bone using a lateral saw guide and rotation indicator. The ADPO could be a suitable alternative for
the PSO, to prevent reoperations in the same region or when the PSO is not a safe and effective option.
However, the lateral saw guide does not expose enough ilium for saw guide placement, insufficiently
guides the ADPO, and does not restrict the saw depth, making the lateral saw guide an invalid option for
clinical application. A saw bone study with an anterior guide is required to overcome these problems and
further translate the ADPO toward the clinic.
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4. Future perspectives

The first recommendation is to practice the procedure frequently to gain an extensive understanding of
the required surgical steps, because the ADPO is an intricate procedure. Prior literature states that
complications are common, such as nonunion,?? neurovascular injury®®, especially sciatic nerve injury,
bleeding, infection, and femoral acetabular impingement.?*> As was shown in the saw bone study, the
osteotomy path is not intuitive. The use of a saw guide is essential for a successful ADPO surgery.
Therefore, the surgeon has to fully trust the saw guide and get used to a workflow including this guide. It
is strongly recommended to practice the ADPO alongside surgeons with experience in pelvic osteotomies
and fractures, namely pediatric orthopedic surgeons and trauma surgeons.

Next to that, a workflow needs to be established to reliably design patient-specific saw guides for every
patient undergoing a DPO procedure. Literature shows that such a workflow prevents postponing surgery
while waiting for the patient-specific guide design®®. An automated workflow can contribute to an even
larger decrease in labor®’. A fully automated saw guide planning of the ADPO would result in a considerably
shorter 3D planning time and a more reproducible ADPO planning, since the manual labor can be reduced
and interobserver variation can be eliminated. This improved efficiency®” and surgical planning quality is
already shown in the orthopedic field, for example in automated femoral osteotomy planning®. Our study
takes a first step towards an automated workflow, by partially automating the 3D modelling of the DPO.

To automate the whole workflow of a 3D saw guide planning, the segmentation of the pelvis and sacrum,
the ADPO modelling, and the saw guide modelling should be automated. The first step would be to
automate the segmentation. Lenchik et al. reviewed the automatic segmentation of different organs,
including pelvic bone segmentation.>® They found that first-generation segmentation methods such as
thresholding and region growing are often combined with more advanced methods such as atlas-based or
statistical models. Employing a combination of these methods can be useful to automate the segmentation
in the DPO planning workflow.

The second step would be to fully automate the semi-automated ADPO planning. This can be accomplished
by making two adjustments to the script. The first adjustment should be the bony landmark detection for
APP definition. Previous research shows the use of the iterative tangential plane (ITP) method® or
diffeomorphic shape registration®® to automate bony landmark identification on the pelvis. The ITP
method has shown to detect in landmarks with a difference of less than 3 mm from the manual landmark
detection, resulting in APP definition with a difference of less than 1 degree from manual landmark
detection.®® This was tested in a population of 100 females and 100 males with an average age of 64 years
(SD 13.5 years), which is similar to the age of the patient population with LL. The shape registration showed
a difference of a few millimeters between the automatic and manually defined landmarks.5? These
approaches yield promising results and can be added to our algorithm to automate the pelvic bony
landmark identification.

The second adjustment should be to automate the osteotomy cylinder diameter definition. We tried to
determine the cylinder diameter by using a fraction of the distance from the sacral endplate to the pubis.
However, this method did not result in correct intersections of the cylinder and the ilium. Another
automation method is recommended; an algorithm that tries different radii to iteratively obtain a radius
that best fits the ilium. For this fit, the algorithm should consider the two locations that mark the start and
finish of the osteotomy path: 1) the iliac spine between the ASIS and AllS and 2) the most anterior point
of the sciatic foramen. This can be a useful addition to our ADPO planning algorithm to increase planning
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reproducibility and cut down on planning time. The third step would be to automate the saw guide design,
but the saw guide must first be improved and standardized.

After the automation of the ADPO planning and improving the saw guide, a cadaver test is recommended
to further test the anatomical feasibility of the ADPO. This cadaver test can be similar to the BEPO test of
Ochtman et al.X®, where the BEPO was performed on 10 cadavers with a mean age of 74.3 years. Pre- and
postoperatively, CT-scans were obtained to create a surgical planning and compare this with the surgical
results. The focus in an ADPO cadaver study should be on two aspects: 1) the feasibility of the ADPO
regarding soft tissues and 2) the impact of the ADPO on the gluteus maximus, gluteus medius, tensor fascia
latae, sartorius, and recuts femoris muscles and ligaments, sciatic nerve, blood vessels, and sacral position
relative to the APP. Finally, a clinical study is required to further examine the safety and the correction of
the SVA in patients. Only then can the ADPO be included in the orthopedic toolset for spinal alignment
surgery.
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Appendix A: Pubic sacral angle (PSA) formulas
i. PSAis related to the SS

PSA =180 — x — (a — PT2) x =90 — (180 — 90 — PT2 — SS)
x =90 — (PT1 - SS) x =90 — (90 — PT2 — SS)
PT1 = 180 — 90 — PT2 x = PT2 +SS

PSA =180 — PT2 — SS — (a¢ — PT2)
PSA=180—-x—PT2—-SS —a + PT2
PSA=180-SS —«a
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ii. The PSA changes when the cranial part is rotated compared to the caudal part

PSA1 =180—-SS1—«a

PSA2 =180 — 552 — «
PSA2 = 180 — (SS1—B) —a = 180 — SS1 + 8
APSA = PSA2 — PSA1

PSA = (180 —SS1+p) — (180 —SS1—a) —a
APSA =B
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Appendix B: Overview literature review saw guides

Figure 20. i) Lateral ilium saw guide®?, lateral acetabulum saw guide®, lateral ilium saw guide*®, lateral ilium saw
guide®, medial peri-acetabular saw guide*®, medial Bernese osteotomy saw guide®’, amterior ilium saw guide®.
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Appendix C: Saw bone test protocol
1. Secure the synthetic bone pelvis with bench vices and clamps.

2. Position the right saw guide. This is depicted in Figure 21i.

3. Mark the k-wire depth depicted on the right saw guide, on the k-wires.

4, Secure the right saw guide with k-wires. This is illustrated in Figure 21ii.

5. Position the left saw guide.

6. Mark the k-wire depth depicted on the left saw guide, on the k-wires.

7. Secure the left saw guide with k-wires.

8. Saw the right ilium with a reciprocating saw, starting posteriorly, below the right saw guide.

9. Place the k-wire guide for the caudal k-wire.

10. Mark the depth that is depicted on the k-wire guide on the k-wire.

11. Position the caudal k-wire guide and secure the caudal k-wire. This is shown in Figure 21iii.

12. Remove the k-wire guide. This is depicted in Figure 21iv.

13. Saw the left ilium with a reciprocating saw, starting posteriorly, below the left saw.

14. Rotate the upper pelvic part 20 degrees until the caudal k-wire aligns with the arrow on the right
saw guide. This is depicted in Figure 21v.

15. Secure the right ilium by drilling a k-wire from the AllS towards the tubercule of the iliac crest.

16. Secure the left ilium by drilling a k-wire from the AlIS towards the tubercule of the iliac crest.

i

‘.

& ) ;\’ »

{
.

v)

i
Figure 21. i) position of het right saw guide, ii) right saw guide securing, iii) caudal k-wire positioning, iv) k-wire
guide removal, and v) rotation cranial pelvic part.
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Appendix D: Evaluation form saw bone test

Op een schaal van 1 tot 5, hoe makkelijk waren de volgende onderdelen te plaatsen
en hoe schat je de haalbaarheid van de DPO met behulp van deze zaagmal in?

Hier is 1 heel moeilijk en 5 heel makkelijk. Heel moeilijk Heel makkelijk
1 2 3 4 5
1. Zaagmal:
Positioneren zaagmal Ol Ol O] O]
b. Bepalen diepte k-draden U] U] ] O]
c. Fixeren zaagmal met k-draden Ol Ol O] O]
d. Introduceren zaag tegen zaagmal ] ] ] ]
e. Afsteunen zaag tijdens zagen Ul Ul O] ]
f. Bepalen zaagdiepte ] ] ] ]
g. Hoe intuitief was de zaagmal in gebruik? Ol Ol O] O
2. Caudale k-draad mal:
a. Positioneren k-draad mal L] L] ] C]
b. Bepalen diepte k-draad ] ] ] ]
c. Plaatsen caudale k-draad ] U] ] L]
d. Hoe intuitief was de k-draad mal in gebruik? U] U] U] U]
3. Roteren iliumdelen:
a. Rotatierichting bepalen Ol Ol O] O
b. Hoe intuitief was het aflezen van de rotatiehoek op zaagmal? Il Il ] U]

Toelichting mits van toepassing:

Introduceren zaagmal lastig doordat k-draden in de weg zaten.
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Hieronder volgen een aantal statements met betrekking tot de haalbaarheid
van de DPO in de klinische praktijk. Geef aan of je het hier helemaal mee
oneens, oneens, neutraal, eens of helemaal mee eens bent.

In klinische praktijk
Helemaal oneens Oneens Neutraal Eens Helemaal eens

4. Bij een laterale benadering zou het ilium in praktijk voldoende kunnen worden [ L] C] L]
vrijgelegd om de zaagmal te plaatsen
5. Door het plaatsen van de zaagmal hoeven de aanhechtingen van de m. gluteus [ Ol ] ]
maximus, m. gluteus medius, m. tensor fascia latae, m. sartorius en de
m. rectus femoris niet te worden opgeofferd.
6. Door het gebruik van deze zaagmal wordt de nervus ischiadicum Ul ] O] ]
in gevaar gebracht
Deze zaagmal zou in de praktijk voldoende zijn om de DPO te geleiden ] ] ] ]
Het botcontact na rotatie is voldoende voor een stabiele fixatie L] U] L] U]
9. Na de rotatie heeft het sacrum een positie die klinisch haalbaar is U] U] U] ]
10. De caudale k-draad guide i.c.m. de rotatie indicator op de zaagmal L] L] L] L]

zou in de praktijk voldoende zijn om de rotatiehoek te bepalen

Verbeterpunten:
Als contact% > 25% dan geen probleem
Rugligging met anterieure benadering beter.

Flexibel zaagblad i.c.m. stainless steel zaagmal
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Appendix E: Pelvic osteotomies for correction of the sagittal alignment of

the spine: an in-silico study comparing four different osteotomies.
A.E.A. Ochtman, MD*", M.L. Claessens, BA', F.C. Oner, MD, PhD?*, M.C. Kruyt, MD, PhD*

1. Department of Orthopedics, University Medical Center Utrecht, the Netherlands
2. Department of developmental bioengineering Twente University, the Netherlands
*Both authors contributed equally to the manuscript

Introduction The aim of this study was to compare the correction of the pelvic sacral angle (PSA) of the bilateral
extended pelvic osteotomy (BEPO) and three types of dome pelvis osteotomy (DPO) in patients with loss of lumbar
lordosis (LL). Methods These four osteotomies were performed on 10 human pelves in an in-silico study using
Materialise 3-matic 3D modelling software. Results The cranial pelvic part was rotated with 20 degrees, resulting in
a PSA correction of 20 degrees and a respective mean bone contact of 34% (SD 9%), 28% (SD 10%), and 31% (SD 5%)
for the SEDPO, SIDPO, and ADPO. Conclusion The ADPO proved to be technically feasible and effective. A cadaveric
study and clinical study are required to determine the anatomical viability and safety in humans. The DPO is regarded
as a useful tool in the orthopedic arsenal for spinal alignment surgery based on in-silico and practical tests.

Keywords Loss of lumbar lordosis/adult spinal deformity e sagittal alignment of the spine ¢ bilateral extended pelvic
osteotomy ¢ dome pelvic osteotomy ¢ 3D modelling

Introduction

The human evolution to a bipedal posture has led to morphological changes in both the spine and the pelvis.3*38 The
position of the sacrum within the pelvis has an immense influence on the global spinal equilibrium since its relation
to the femoral heads regulates lumbar lordosis (LL). This relation is determined by the pelvic incidence (PI), a
parameter defined as the angle between the line perpendicular to the sacral plate at its midpoint, and the line
connecting this point to the axis of the femoral heads (Figure 1).3% Sagittal imbalance is often the result of decreased
lumbar lordosis that can be a consequence of lumbar degenerative disc disease, a major global problem that
increased the years lived with disability by more than 50% since 1990%%. Over a decade ago, Schwab et al. already
stated that a mismatch between the Pl and LL can lead to a standing imbalance, when LL < PI+9.%3 Since then, PI-LL
mismatch has been increasingly recognized as a key element in spinal sagittal alignment.®* The compensation
mechanisms to keep the trunk above the hips such as retroversion of the pelvis by increasing pelvic tilt (PT) are tiring
and therefore associated with reduced quality of life.57:8

Fig 1. Pelvic incidence (Pl): the angle between the line perpendicular to the sacral plate at its midpoint, and the line connecting the
point to the axis of the femoral heads.

Correction of severe sagittal malalignment requires extensive correction osteotomies of the lumbar spine, such as
pedicle subtraction osteotomies and vertebral column resections. However, these procedures are associated with a
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complication risk up to 27.4%, including neurological deficit and material failure.®®’ Especially if previous
osteotomies have failed, revision is even more demanding. As an alternative, a bilateral pelvic open-wedge
osteotomy between the sacral plate and the femoral heads was proposed by several authors.3%7! Some case series
and laboratory work confirmed the feasibility of this approach, but this procedure has a significant risk of a fracture
in the posterior hinge with subsequent pelvic instability and less correction of Pl than expected. To circumvent this
problem dome shape osteotomies may be a solution. These osteotomies are well known for limb alignment and have
the advantage of very predictable and controllable rotation with maintenance of bone-to-bone contact. To explore
the potential of such an osteotomy in relation to the open wedge we study the most optimal location, its potential
for substantial correction and anatomical limitations in an in-silico model study.

Materials and Methods

Three dome shaped pelvic osteotomies were developed and compared to the BEPO regarding correction angle and
bone contact surface. The correction angle is the most important parameter, since the goal of the treatment is to
correct the sagittal alignment of the spine. The bone contact surface determines the possible fixation and stability of
the cranial and caudal pelvic part.

Data preparation

Ten computed tomography angiography (CTA) scans were selected from an existing clinical database (5 males and 5
females, mean age 27 years old (range 21-35)). All CTA scans included the whole pelvis and were performed with a
slice thickness of 0.9 mm. None of the subjects had any history of pelvic or hip fractures or surgery. The anonymized
data were acquired retrospectively and was judged not to be subject to the Medical Research Involving Human
Subjects Act (WMO) by the Medical Ethical Committee, as described in IRB Protocol Number 16-612/C. The pelvises
were segmented using Mimics 24.0 (Materialise, Leuven, Belgium).

Three-dimensional (3D) bone model generation

A robust pelvic coordinate was defined using the bony landmarks on the pelvis; the anterior pelvic plane (APP)
coordinate system. The coronal plane, or anterior pelvic plane, of the coordinate system is defined by the right
anterior superior iliac spine (R-ASIS), left anterior superior iliac spine (L-ASIS) and the midpoint of the pubic tubercles
(MPT).252> The center point of the APP coordinate system is defined in the middle of the right and left ASIS. The
sagittal plane is defined by a plane perpendicular to the APP and through the midpoint of the R-ASIS and L-ASIS and
the MPT. The axial plane is defined perpendicular to the APP and the sagittal plane through the center of the
coordinate system. The APP, sagittal and axial plane together create the APP coordinate system.

Subsequently, four pelvic osteotomies were performed on all ten pelvises with 3-Matic: a bilateral extending pelvic
osteotomy and three dome pelvic osteotomies. We considered 1) the natural rotation axis of the spine with respect
to the pelvis and 2) the feasibility of the surgical approach and procedure to determine the DPO locations. The first
DPO is performed around center of the sacral endplate (SEDPO), since this is the location where the PSA is measured.
The second DPO is performed around the sacroiliac joint (SIDPQ), since this is the location where the spine
theoretically rotates with respect to the pelvis. The third DPO is performed around the acetabulum centers (ADPO),
as the acetabulum provides the functional rotation of upper body with respect to the lower body by pelvic tilt. This
is also known as an accessible location to perform a pelvic osteotomy, since multiple periacetabular osteotomies,
such as the Pemberton?%23 and the Chiari osteotomy?* are performed here. (Figure 2).
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Fig 2. a) bilateral extending pelvic osteotomy (BEPO), b) dome pelvic osteotomy around the sacral endplate (SEDPO), c) dome pelvic
osteotomy around the sacroiliac joint (SIDPO) and d) periacetabular dome pelvic osteotomy (ADPO).

The execution of the osteotomies was automated using Pycharm 2022.2.3 (JetBrains, Prague, Czech Republic). To
model the BEPO, the osteotomy plane was defined perpendicular to the APP and through a point between the ASIS
and AlIS and the most ventral point of the greater sciatic foramen. Next, the cranial part was rotated 20 degrees
around an axis parallel to the x-axis of the APP one centimeter proximal to the posterior point of the osteotomy. To
perform the DPOs, the center of the sacral endplate, the center of the sacroiliac joint, and the midpoint of the two
acetabula centers were defined. Then a cylinder was created. The axis of the cylinder was defined as a line parallel
to the x-axis of the APP, located in each of these three points. The diameter of this cylinder is dependent on the type
of osteotomy that is performed and the size of the pelvis. The diameters were adjusted until the cylinder intersected
the iliac crest anteriorly and the great sciatic notch posteriorly for the SEDPO and SISPO. For the ADPO, the diameter
of the cylinder was adjusted until it intersects the pelvis between the ASIS and AlIS anteriorly and the great sciatic
notch posteriorly. In all osteotomies, a cylinder diameter is chosen that does not intersect the roof part of the
acetabulum and does not intersect the musculus sartorius attachment. The ilium is rotated relative to the ischium
with 10, 15 and 20 degrees.

Outcome measures

To compare the different pelvic osteotomies, two primary outcome measures were obtained: bone contact surface
between the cranial and caudal pelvis part and the effect on sagittal alignment of the spine. The quantify the bone
contact, the cut surface and the bone contact surface of the ilium parts were measured after 10, 15 and 20 degrees.
From this, the contact surface relative to the osteotomy surface were calculated using a predefined formula*:

bone contact surface of ilium parts (mm?)

Bone contact surface percentage (%) =
p g ( /0) bone surface at osteotomy surface (mm?2)

To quantify the effect on sagittal spinal alignment a new parameter was used: the pubic sacral angle (PSA), defined
as the angle between the left pubic tubercule, the left acetabulum center and a line perpendicular to the center of
the sacral endplate in the sagittal plane (Figure 3). The PSA can be used to measure the correction angle measured
in the sagittal plane of the APP for every step of the rotation of the ilium, resulting in three angle measurements.
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Acetabulum
: center

Pubic
tubercule

Fig 3. Pubic sacral angle (PSA): the angle between the pubic tubercule, the center of the acetabulum and the center of the sacral
endplate.

Statistical analysis

Statistical analyses were performed with Statistical Package for the Social Sciences software (SPSS 23.0, SPSS Inc.,
Chicago, IL, USA). The bone contact surface was shown to be normally distributed using the Shapiro-Wilk test.
Therefore, the statistical analysis of the rotation angle and the PSA was performed using the Pearson correlation.
Statistical significance was set at p<0.05.

Results

Bone contact surface

The percentage bone contact surface after SEDPO, SIDPO and ADOP are shown in Table 1 and visualized in Figure 4.
The variation in bone contact surface for different correction angles is shown in Figure 5. The SIDPO shows the largest
mean bone contact percentage. However, ADPO shows the smallest variation of bone contact percentage between
the different pelvises for each angle. For the BEPO, no bone contact surface could be measured.

Correction of PSA

The correction of the PSA for different correction angles are shown in Figure 6. For each of the ten pelvises and each
of the DPQ’s, the rotation angle and the PSA correction are identical.

Least squares method (LSM)

For each of the ten pelvises, all the rotation angles and DPO locations, the LSM line through the bone contact surface
percentages per rotation angle had a coefficient of determination larger than 0.75. The average LSM fit per rotation
angle and DPO location is visualized in yellow in Figure 5. It shows the LSM line fitted on the SEDPO has the flattest
slope and the LSM line fitted on the ADPO has the steepest slope.
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Table 1. The percentage bone contact surface after 20 degrees of rotation of the SEDPO, SIDPO, and ADOP

Pelvis # SEDPO SIDPO ADPO
1 38.83 26.11 31.96
2 26.38 28.09 39.18
3 38.91 35.57 32.04
4 31.53 8.93 25.12
5 49.40 47.40 37.04
6 27.60 25.75 32.77
7 22.46 25.97 25.84
8 43.01 38.28 28.53
9 40.95 27.55 29.27
10 22.43 18.41 24.20
Average 34.15 28.21 30.59
Standard deviation 8.87 10.04 4.73

Fig 4. From left to right; Lateral and caudal view of the dome osteotomy around the sacral endplate, sacroiliac joint and acetabular
dome osteotomy after ilium rotation of 20 degrees. The bone contact between the ilium parts is visualized in striped red.
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Fig Figure 5. Boxplot of the bone contact surface percentage for correction angles 10, 15 and 20 degrees after the SEDPO (black),
SIDPO (blue) and ADPO (red) with a least squares fitted line through all data points (yellow).

Discussion

In the present study we compared four different pelvic osteotomies to correct spinopelvic parameters in a 3D model.
Our data suggest that the ADPO is the most reliable and feasible pelvic osteotomy to correct PSA and therefore
sagittal spinal malalignment. For the first primary aim, bone contact surface, ADPO showed the most reliable results
(31%, SD 5%). Although the SEDPO showed the highest bone contact surface, the results were less reliable due to the
wide range, which is less appealing in the clinical setting. Obviously, for the BEPO no bone contact surface could be
measured. When performing this osteotomy in a clinical setting, a specifically designed cage should be inserted to
support bone consolidation. Bone contact surface has been an object of interest for studies about correctional tibial
osteotomies and hallux valgus correction osteotomies.”>”’> Although, to our best knowledge, a minimal percentage
of bone contact to create the optimal healing environment is not available in the current literature. Our second
primary aim was to quantify the effect of the pelvic dome osteotomy on the sagittal alignment of the spine.
Therefore, we proposed the new parameter PSA. The most apparent eligible parameter to quantify the effect was
PI. However, to quantify the change in sagittal alignment after a pelvic dome osteotomy, the rotation of the cranial
pelvic part must be quantified, and Pl did not meet that requirement (Figure 7). This is also shown by Roussouli et
al., where a Chiari osteotomy which is comparable to the ADPO, did not show a change in P1.3° A parameter that is
suitable for the three proposed DPOs should have one line that is defined cranial to the sacral, sacroiliac joint or
acetabular osteotomy line and a second line that is caudal to the osteotomy line, such as PSA. Even more, PSA is
independent of the position of the patient,®? changes when the rotation angle of the ilium changes,22 and the
landmarks could be identified robustly. Lastly, the PSA is correlated with the sacral slope following the formula: PSA
=180 -SS — a, where a is the angle of the lower line of the PSA angle and the vertical line.3* Therefore, PSA could be
used as a parameter to quantify the effect on sagittal alignment. For all four pelvic osteotomies, the mean correction
of PSA was exact the angle of the osteotomy, so this was not a differentiating factor.

Our secondary outcome measurement was anatomic feasibility, including surgical approach, risk of ischiatic nerve
impingement and loss of strength of the sacropelvic ligaments. Various gynecologic researchers have studied the
sacrotuberous (ST) and sacrospinous (SS) ligaments in order to prevent or treat pelvic organ prolapse. Cosson et al.
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performed a cadaveric test to compare maximal strength of different pelvic ligaments. They found the prevertebral
and iliopectineal ligaments significantly stronger that the ST and SS ligaments,”® which suggest this osteotomy would
not have much impact on potential pelvic organ prolapse. On the other hand, studies about pelvic traumatic injuries
proved these ligaments to play an important role in stability of the pelvis.””””° The influence of an ADPO on the ST
and SS ligaments remains uncertain and should be further researched. Under normal circumstances, only elderly
patients would be eligible for this procedure, so there is no risk for women in their fertile age to experience problems
with future pregnancies.

The place of the osteotomy is the same for the ADPO and the BEPO, between the sacral plate and the femoral heads,
where the evolution of the lordotic angulation between the ischium and the ilium led to a more energy-efficient
upright position in bipedal position.2 The main advantage of a dome osteotomy over an open-wedge osteotomy is
the combined ability to correct the alighment while maintaining bone apposition.8®! Another important advantage,
specifically for a pelvic osteotomy, is a more guided saw cute to the anterior side of the ischiatic foramen and
therefore, no risk of a unforeseen fracture. In our open-wedge technique, the posterior hinge could provide stability
to the correction. Even more, due to this posterior hinge the risk of injury to the ischiatic nerve or impingement is
relatively low compared to the dome osteotomy. However, such an unforeseen fracture could seriously undermine
the stability leading to additional fixation needs in the clinical setting, especially because it is a bilateral procedure.

In conclusion, the ADPO is the most reliable and feasible pelvic osteotomy that was tested in this in-silico study
regarding correction of PSA and bone surface contact. Therefore, this osteotomy could be an eligible alternative
procedure to correct spinal sagittal malalignment. However, anatomic feasibility should be further investigated in
cadaveric studies and the effect on global spinal alignment and safety should be researched in a prospective clinical
trial.
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Appendix F: Sacrum saw guide

Naast de activiteiten die ik hierboven heb beschreven, heb ik vanaf november gemiddeld een dag per week
besteed aan het maken van een klinische zaagmal voor een scoliosepatiént. Zo’n zaagmal was nooit eerder
gebruikt in het UMC Utrecht. Het proces van het maken van de zaagmal begon bij het segmenteren van
alle cervicale, thoracale en lumbale wervels, het pelvis en het sacrum. Aan de hand hiervan kon worden
beoordeeld dat het sacrum links een hemiwervel had en dat er sprake was van scoliose, vermoedelijk als
gevolg van deze hemiwervel. Daarnaast kon worden beoordeeld dat deze patiént niet 5, maar 6 lumbale
wervels had, en dat de lumbale lordose erg groot was. Samen met Moyo Kruijt heb ik geinventariseerd
wat zijn hulpvraag aan het 3Dlab was voor deze patiént. Hij wilde een zaagmal hebben waarmee een
osteotomie van het sacrum kon worden uitgevoerd om de hemiwervel te verwijderen zodat de laterale
richting van de rug kon worden gecorrigeerd. Daarnaast wil hij een anatomisch model van de zesde
lumbale wervel (L6), het sacrum inclusief de operatieve stappen en het linker ilium.

De eisen aan de zaagmal waren als volgt:

e De zaagmal moet de een sacrumosteotomie geleiden zodat de hemiwervel verwijderd kan
worden.

e De zaagmal moet groot genoeg zijn om een oscillerende zaag voldoende ondersteunen om een
unieke zaagrichting te geleiden

e De zaagmal moet een unieke correcte plaatsing hebben

e De zaagmal moet bruikbaar zijn voor een posterieure chirurgische benadering van het sacrum

e De zaagmal moet een handvat hebben om het vanuit posterieur in te brengen

e De zaagmal moet de cauda equina niet in gevaar brengen

e De zaagmal moet de L6 zenuwwortel niet in gevaar brengen

De chirurgische stappen in de laterale correctie voor deze patiént waren als volgt:

1. Laminectomie van L6

2. Laminectomie, facetectomie en processus transversus verwijderen van de linker hemiwervel van
het sacrum

3. Verwijderen van het hemiwervellichaam van het sacrum zodat alleen het bot ter plekke van de
sacro-iliacale gewricht en het stuk boven de osteotomielocatie nog staat

4. Subtractieosteotomie van het sacrum met de zaagmal

5. Correctie van L6

De losse botdelen als gevolg van de laminectomieén en de subtractie osteotomie zijn in het anatomisch
model verbonden door een balkjes die kunnen worden geschoven in een sleuf. De correctie van L6 is
opgenomen in het model als een boogje, welke kan buigen. Door deze toevoegingen kan op het model de
‘correctie’ van L6 worden uitgevoerd. In Figure 22 is het anatomische model van L6, het sacrum en linker
ilium te zien. De chirurgische stappen zijn weergegeven in Figure 23.
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Figure 22. Anatomisch model met een a) anterieure view en b) posterieure view van het sacrum met voorbereiding
voor subtractie in roze, subtractieosteotomie van de sacrale dekplaat in rood, L6 en een deel van het linker ilium.

Tijdens het designproces heb ik steeds afwisselend overlegd met Moyo en Joéll Magré van het 3Dlab om
nieuwe iteraties van mijn ontwerp te beoordelen en verbeterpunten op te stellen. Deze iteraties en de
notulen van de overlegmomenten heb ik gedocumenteerd in een gedeeld bestand, zodat het designproces
kan worden teruggelezen. Als afsluiting van het designproces is de zaagmal gecontrolleerd en in een
overleg met Joéll en Moyo goedgekeurd. Het anatomisch model en de zaagmal zijn geprint in nylon door
middel van selective laser sitering (SLS) bij Oceanz (Oceanz 3D printing, Ede, Nederland). Deze zullen in het
UMC Utrecht worden gesteriliseerd zodat deze tijdens de operatie kunnen worden gebruikt. In Figure 24 is
de uiteindelijke zaagmal te zien.
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Figure 23. Chirurgische stappen: a) laminectomie sacrum en voorbereiding subtractieosteotomie van sacrale
dekplaat, b) plaatsen zaagmal, c) subtractie osteotomie lans de zaagmal en d) correctie van L6.

Figure 24. a) posterior view en b) cranial view van de zaagmal met handvat, mediaal een sleeve waarmee de mal
steunt op de rand van het sacral canal en lateraal een support foot.
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