The effect of spinopelvic parameters on the
development of proximal junctional kyphosis in early
onset scoliosis

Kubat, Ozren

Doctoral thesis / Disertacija
2021

Degree Grantor / Ustanova koja je dodijelila akademski / strucni stupanj: University of
Zagreb, School of Medicine / SveuciliSte u Zagrebu, Medicinski fakultet

Permanent link / Trajna poveznica: https://um.nsk.hr/urn:nbn:hr:105:042426

Rights / Prava: In copyright /Zasticeno autorskim pravom.

Download date / Datum preuzimanja: 2024-05-07

Repository / Repozitorij:

Dr Med - University of Zagreb School of Medicine
Digital Repository

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII



https://urn.nsk.hr/urn:nbn:hr:105:042426
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.mef.unizg.hr
https://repozitorij.mef.unizg.hr
https://repozitorij.unizg.hr/islandora/object/mef:3786
https://dabar.srce.hr/islandora/object/mef:3786

ZAGREB UNIVERSITY
SCHOOL OF MEDICINE

Ozren Kubat

The effect of spinopelvic parameters

on the development of proximal

junctional kyphosis in early onset
scoliosis

DISSERTATION

Zagreb, 2021.



ZAGREB UNIVERSITY
SCHOOL OF MEDICINE

Ozren Kubat

The effect of spinopelvic parameters
on the development of proximal
junctional kyphosis in early onset
scoliosis

DISSERTATION

Zagreb, 2021.



This dissertation was made at the
Department of Orthopaedic surgery, Clinical Hospital Centre Zagreb, Croatia
Pediatric Orthopedic Department, Izaak Walton Killam Health Centre, Halifax,
Canada
Hospital for Special Surgery, New York, United States of America

Mentor: Domagoj Delimar, MD, PhD
Co-Mentor: Ron El-Hawary, MD, PhD

Mojoj Obitelji. Ovo je za sve Vas.
“A society grows great when men plant trees whose shade they know they shall
never sit in.” — ancient Greek proverb



TABLE OF CONTENTS

1. Introduction and purpose Of theSIS. ... ..o 1
2. HYPOTNESIS. .. 29
e A e 30
4. Materials and Methods. .......ccoiirii e 31
B RBSUIS . ..t e 45
G I 1S o1 1 1 [ o 61
7 0 o3 1] Lo o 0P 68
8. ADSIraCt IN CrOALIAN. ... ettt e e e 69
9. Abstract in ENgliSh. ... 70
10. RefEIrEeNCE lISt. .. e 71

11. ShOrt CUMMICUIUM VITAE . . . . e oot e e e 81



LIST OF ABBREVIATIONS (in alphabetical order)

AIS — adolescent idiopathic scoliosis
ASD - adjacent segment disease

C — cervical

CA — Cobb angle

CL — cervical lordosis

CSSG - Children's Spine Study Group
ERC — external remote controller

EOS - early onset scoliosis

EOSQ-24 — Early Onset Scoliosis Questionnaire-24
GR — growing rod

GSSG — Growing Spine Study Group
HGT — halo gravity traction

HRQOL - health related quality of life
ISSG — International Spine Study Group
LIV — lower instrumented vertebra

L — lumbar

LL — lumbar lordosis

MCGR — magnetically controlled growing rod
PA — posteroanterior

Pl — pelvic incidence

PJA — proximal junctional angle

PJK — proximal junctional kyphosis

PT — pelvic tilt



RR - relative risk

SD - standard deviation

SRS — Scoliosis Research Society
SS - sacral slope

T — thoracic

TGR - traditional growing rod

TK — thoracic kyphosis

TLSO - thoracolumbosacral orthosis
UIV — upper instrumented vertebra

VEPTR - vertical expandable prosthetic titanium rib



1. Introduction

1.1. Scoliosis

1.1.1. Definition, classification, etiology

The term scoliosis, derived from the Greek word meaning ,crooked, was first
used as in regard to spinal deformities by the Father of Medicine, Hippocrates (460—
370 BC).1? However, in his works the term is given a generic meaning, referring to
almost any type of spinal curvature. One of his successors, Galen of Pergamon (129-
210 AD) commented on Hippocrates' flawed use of the term, and described four types
of spinal deformities — kyphosis when the spine moves backwards, lordosis when
propelled forward, scoliosis as it shifts to the side and succussion, a situation without
any deformity but with movement of the intervertebral articulations.® So, it was Galen
who is credited for the first use of this term as it is used today.

Modern orthopaedic surgery defines scoliosis as a lateral deviation of the spine
greater than 10 degrees measured on a posteroanterior (PA) radiograph. This method
of measuring was introduced by John R Cobb in 1948.4 Appreciating the three-
dimensionality of scoliosis is essential in being able to understand its effect on the
body, as well as to recognize factors important to successful treatment.

This is a complex deformity, comprising changes in all three anatomical planes;
lateral shift in the coronal (frontal) plane, straightening in the sagittal (lateral) and
rotation around the vertebral axis in the axial (transverse) plane. The most significant
changes are located in the apex of the curve, and as the deformity progresses it leads

to structural changes of the vertebra and rib cage.



Scoliosis is usually classified according to curve location, age of onset and
etiology. Curve types are designated by the apical vertebra — the vertebra most
deviated laterally from the vertical axis that passes through the center of the patient's
sacrum. According to the curve location, we discern between cervical (C) (apex
between C1-C6/C7 disc), cervicothoracic (apex between C7-T1), thoracic (T) (apex
between T2-T11/T12 disc), thoracolumbar (apex between T12-L1) and lumbar (L)
(apex between L2-L4/L5 disc) scoliosis. According to age of onset, infantile scoliosis
appears in children younger than (and including) three years of age, juvenile in those
aged four to (including)10 years old, adolescent from 11 — 18 years, and adult from 18
years of age onwards.® Etiology of scoliosis can be idiopathic, congenital,

neuromuscular, syndromic, degenerative and hysteric.

1.1.2. Early Onset Scoliosis

According to the foremost authority on the patient of scoliosis, the Scoliosis
Research Society (SRS), early onset scoliosis (EOS) is any scoliotic deformity in
children from birth until the age of 10 years.® Etiologies of EOS can vary, being mainly
congenital, syndromic, neuromuscular and idiopathic.

The importance of this pathologic entity comes from the fact that spinal
deformity occuring in these (very) early years of life can compromise growth and
expansion of the thoracic cavity and lungs, creating so called thoracic insufficiency
syndrome.® This brings upon these patients a higher risk of respiratory morbidity and
mortality, and validates classifying EOS as a separate group, due to this uniform and
unique risk to their life. In these patients, as opposed to those with adolescent onset

of scoliosis, a significantly higher mortality rate has been reported, as well as the fact



that increasing deformity equals decrease in the patients' vital capacity.”® There are
two main reasons for respiratory failure in EOS patients: intrinsic alveolar hypoplasia

and extrinsic disturbance of chest wall function.

1.1.3. Lung development, thoracic growth and the detrimental effects of

EOS

The human respiratory system develops through five stages: embryonic,
pseudoglandular, canalicular, saccular and alveolar (Figure 1).1° Embryonic stage
takes place during weeks four to seven of organogenesis, and involves formation of
the lung bud, its separation from the primitive gut and branching into two buds — one
for each lung. The end of week seven marks the beginning of the pseudoglandular
phase, with each lung resembling a small tubulo-acinar gland.*® During weeks seven
to 16, repetitive sprouting and bifurcation of the lungs takes place by the process of
.branching morphogenesis®“. Together with this new growth and division, another
process takes place in this phase — growth and differentiation of the primitive
epithelium, going from proximal to distal.!* The canalicular stage takes place during
weeks 16-25 of gestation. It is marked by formation of the air-blood barrier and
secretion of surfactant. There is increased pulmonary vasculature development, with
vessel proliferation and formation of a capillary network around the alveolar
epithelium.*? Saccular stage, spanning weeks 24-38, correlates with the earliest
viability period of the human fetus.'® In this stage, primitive terminal air spaces are
formed (alveolar ducts and sacs), and type two cells, formed during the canalicular
stage, start producing surfactant. Pulmonary parenchima keeps increasing in size, and

the surfactant system matures further. The surfactant production begins in the 26™



week of gestation, and slowly progresses from there, while around 30 weeks of
gestation it starts being secreted into the airway lumen and lines the alveoli.’* The
saccular stage is also marked by a spike in fetal cortisol concentrations, which helps
further maturation of the lungs by increasing synthesis and secretion of surfactant as
well as differentiation of alveolar epithelial cells.*#*®> The alveolar stage starts just prior
to birth and extends to the first few years of a child's life. The main processes that
mark this stage are secondary septation (division of alveolar ducts into terminal alveoli)
and pulmonary angiogenesis to maximise the gas exchange area of the lungs. With
the number of airway generations reaching their total at time of birth, there is still great

change to the morphology of the pulmonary parenchima.

Figure 1. Schematic presentation of human lung development. A) Primitive lung
anlage emerges as the laryngotracheal groove from the ventral surface of the primitive
foregut B) Separation of primitive trachea from the primitive esophagus C) Separation
of the embryonic larynx and trachea with the two primary bronchial branches from the
embryonic esophagus D) The primitive lobar bronchi branching from the primary

bronchi E) A schematic rendering of the airway at term. (Artwork by Jasmina Petrovic)
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Over 85% of the alveoli form after birth.** The vascular growth continues at an
accelerated rate throughout this phase, in proportion to formation of new alveoli, which
together help expand the lung gas exchange surface. After 18 months of age this
number of new vessels slows with alveolar growth.® It is now believed that the final
phase of alveolar formation (manifesting as growth of all lung components) continues
until the time the long bones stop growing, making normal respiratory function
especially dependent on the completion of these postnatal steps in lung
development.® At functional maturity, there are approximately 300x10° alveoli in the
lungs. This number is achieved by the age of eight, with the ,golden period“ of maximal
growth occuring before five years of age (Figure 2), while the hypertrophy carries on

until the completion of bony thorax growth.”-25

Figure 2. Graph showing the increase in number and size of alveoli with age using
guantitative analysis according to Dunnill (1962)'” and Davies and Reid (1971)*°. Note
the steep increase of the graph lines up to the age of five years, indicating the maximal
increase in number of alveoli in children, the so-called “golden period” for lung

development.
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During this marked alveolar hyperplasia, not only are the lung tissues growing,
but the cage which contains them experiences rapid growth as well. Failure of alveolar
multiplication (intrinsic alveolar hypoplasia) is most likely the dominant source of
respiratory failure in EOS patients, because the deformity of the spine and thorax
prevents lung tissue hyperplasia. This has been corroborated by studies investigating
lung tissue acquired by biopsies.?%26-28 The alveoli found in such compromised lungs
uniformly present as hypertrophied, most likely as a form of compensatory effort. The
bony thorax, built out of thoracic vertebrae, ribs and the sternum increases in both
length and circumference, very much so during puberty as the ,third micropeak of
puberty“ according to DiMeglio et al.?° The thoracic spine grows six cm (increases by
50%, from 12-18 centimeters) in the first five years of life, reaching around 60% of the
final, adult length by this age.3® When it comes to thoracic volume, at birth it equates
to approximately six percent of the adult volume, increasing to 30% at five years, 50%
at the age of 10 and reaching 100% at the age of 15.%° It is easy to note that the
»golden period“ of lung development coincides with the rapid growth of the thoracic
spine and rib cage.

Deformities of the thorax associated with scoliosis produce its functional
incompetence, resulting in the extrinsic disturbance of chest wall function.332 This
incompetence of the chest wall is best seen and most pronounced in patients with rib
anomalies which often accompany congenital scoliosis. In these patients ribs can often
be fused, blocking normal chest movement during respiration, or absent, resulting in
a localized ,flail“ chest or paradoxical chest segment. When compared to idiopathic
scoliosis at the same magnitude of Cobb angles (CA), patients with congenital
scoliosis had decreased vital capacity, most likely due to the associated rib anomalies

which disturb normal respiration.33 The ribs do not necessarily have to be anomalous,



fused or absent, in order to influence respiration. In noncongenital deformities scoliotic
curves result in rib deformity which also negatively impacts respiration. On the
concave side of the curve, ribs are pressed closer together narrowing the intercostal
spaces and restricting the end-inspiratory volume, while on the side of the convexity,

intercostal spaces are widened and unable to support normal expiratory function.3*



1.1.4. Treatment options

Non-operative treatment

The most important premise of EOS treatment is delay of surgery, if possible
by the age of 10, using nonoperative techniques in order to try and minimize the risk
of thoracic insufficiency. It has been demonstrated in the literature that most patients
(74% - 92%) with idiopathic infantile EOS spontaneously resolve.*>¢ For those who
need it, the three methods of non-operative treatment used are casting, bracing and

halo gravity traction (HGT).

Casting

The technique of corrective casting for scoliosis was first described by Sayer in
1877,%" with the goal of the early history of casting being to reduce curves prior to
surgery and maintain correction postoperatively by the so-called turnbuckle cast in the
setting of uninstrumented fusions established by Hibbs et al.3® Patients could not
ambulate in a turnbuckle cast, so in an attempt to improve the therapy, Risser
developed ,localizer casting“.3® Cotrel and Morel further enhanced Risser's technique
and gave us the E(longation) D(erotation) and F(lexion) casting, which is still used to
this day.*° The authors of this traction, derotation and bending casting technique made
a bold suggestion that it could correct infantile scoliosis. However, with the advent of
successful surgical options in the form of Harrington's spinal instrumentation, casting

fell out of favor for managing adolescent scoliosis.*! Some centers kept the casting



tradition and knowledge alive, and after reports by Mehta et al. and Sanders et al.
there was a worldwide resurgence of interest in these methods.*>43

Casting provides a non-removable and well-fitting jacket which exerts constant
corrective forces on the growing spine. It also removes family compliance from the
equation, as the parents are unable (unless very resourceful and persistent) to remove
the cast. Today, the golden standard for casting patients with scoliosis is by using a
specialized traction table. The patient is under general anesthesia, positioned supine,
with a head halter and pelvic traction. The table provides support for the entire weight
of the child by means of straps, keeping the thorax, shoulders and pelvis free for
manipulation and application of the cast. Correction is achieved through traction and
manipulation of the curve, putting pressure on the exact points predetermined both

clinically and on the patient’s radiographs (Figure 3).

Figure 3. Elongation, derotation and flexion (EDF) casting. A) A clinical depiction of a
finished EDF cast. The procedure is performed under general anesthesia on a
specialized table which allows access to the entire patient’s spine while still safely
supporting the body. Note the opening of the abdominal hole for easier breathing and
feeding. (Courtesy of Dror Ovadia, Tel Aviv) B) Standing posteroanterior (PA)
radiograph of the spine in a patient with the EDF cast in place. Note the shoulder
straps as well as the emphasized molding on the waist of the patient which help keep

the cast in place. (Personal archive).
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A well done cast corrects the scoliotic curve by rotating and shifting it to the
midline, while avoiding pressure on the ribs and pushing them toward the spine.**
Casts are changed in intervals of two to four months, depending on the age and growth
rate of the child. Casting is usually performed for up to one year, after which a period
of brace wearing is instituted followed by more casting. Many centers use their own
timing algorithm, but usually the period of brace wear is about six months after which
the cast is reinstated. This is done until either resolution of the curve is achieved, or,
in case of unresolved curves, an age favorable for surgery is reached. Casting can
also be discontinued, if obviously failing.*4

Casting has its complications, the main acute ones being superior mesenteric
artery syndrome and neurologic dysfunction particularly affecting the cranial nerves
and the brachial plexus. In the longer term, pressure sores over bony prominences

can develop.
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Bracing

Bracing has been proven effective in the treatment of adolescent idiopathic
scoliosis (AIS), but there are no studies to prove its efficacy for EOS.*
Notwithstanding, it is the most common nonsurgical treatment for EOS. Bracing is
undoubtedly more convenient for both the patient and family, because a brace can be
taken off for hygiene purposes and activities. However, this feature of brace treatment
has its down sides, as by removing the brace for a certain amount of time a day, the
corrective effect on the curve(s) cannot be constant. Also, with the main function of
bracing being to stabilize the deformity, it is not as effective in permanent deformity
correction as is casting. Most commonly, braces used in treatment are modifications
of a custom-molded thoracolumbosacral orthosis (TLSO). Fitting a brace in young
children is challenging, mostly due to their inherently poor compliance during
measuring and molding, as well as their anatomical peculiarities (such as a typically
large abdomen in infants and toddlers). Also, with their skeletons being more flexible
and pliable, a standard three-point bend brace can exert too much pressure on the
ribs and produce additional chest wall deformity. In the case of EOS, it is especially
important for a brace to enable a three-dimensional deformity correction to boost the

correction of the chest wall, instead of only focusing on correcting the scoliosis CA.

Halo gravity traction

HGT was first described by Stagnara.*® It is an important ancillary tool in EOS
treatment, that can be utilized either prior to casting or before surgery. The function of

HGT is to accustom the spinal cord to the gradual correction, thereby making any
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subsequent treatment safer, temporarily decrease the curve, improve preoperative
respiratory dynamics by achieving an upright thorax, and even provide nutritional
improvement preoperatively.** It is indicated in those patients whose curves are stiff
and very large (usually >90°), kyphoscoliosis and decreased pulmonary or nutritional
status.*® The usual technique in EOS is to use multiple pins (six to eight) as anchors
attached to the anterior and posterolateral parts of the lamina externa of the skull, start
with light traction and increase gradually.*” The amount of traction usually can exceed
50% of body weight. Complications are not common, and can include changes in
neurologic status, hypertension, cranial nerve dysfunction, especially cranial nerve VI

with resulting diplopia (with an incidence of 0.07%).48

Surgical treatment

Moe et al. were the first to use a subcutaneous Harrington instrumentation in
young children with otherwise uncontrollable scoliotic curves, anchored only in the top
and bottom, in order to correct the scoliosis but still provide growth.*® The group
reported on the early cases and found the apex was unfused, while the end vertebrae
of the constructed fused spontaneously.*® However, consecutive reports have shown
that the unexposed segments also experienced spontaneous fusion to a certain
degree, although they had been left untouched.*°

After the initial reports, improvements to the technique were made, such as
subfascial rod placement to try and minimize overlying skin issues, dual-rod technique
for additional stability.>'>? Building on the pioneering works of the original generation
of spinal surgeons, the strategy in surgical treatment of EOS patients has improved

significantly with better understanding of the biomechanics of the developing spine
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under treatment and the use of modern growth-friendly implants. These implants are
classified into three types: distraction-based, guided growth and compression-based

implants.®3

Distraction-based implants

Today, this type of implant is most commonly used in treatment of EOS.%2
Expandable rods are anchored only to the upper and lower parts of the curve, after
which they are periodically extended to apply distraction to the spinal column as the
child grows. There are four types of distraction-based implants: traditional growing rod
(TGR), vertical expandable prosthetic titanium rib (VEPTR), hybrid systems and
magnetically controlled growing rod (MCGR).

TGR uses hooks and/or screws for the proximal and distal vertebral anchors,
while the rods that connect them are placed subfascially (Figure 4). Leaving most of
the spine unexposed and unfused allows for motion and growth in between the
anchors. The construct is then serially lengthened by repeat surgeries, usually at
approximately six month intervals. Akbarnia et al. reported on 1.2 cm of growth in T1
— S1 length per year at a mean four—year follow—up by using TGR.%? Akbarnia et al.
also demonstrated that shorter intervals in between lengthenings allowed for

significantly higher T1-S1 growth rates of 1.8 cm/year.>*

Figure 4. One month postoperative anteroposterior radiograph of a child with early

onset scoliosis (EOS) who underwent traditional growing rods (TGR) implantation. In

this specific case, the presence of a heart stimulation device precluded the use of
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magnetically controlled growing rods (MCGR) in the spine so the surgeon opted for a

TGR construct. (Courtesy of Dror Ovadia, Tel Aviv)

VEPTRs use ribs as anchors, although sometimes they can be attached to the
spine or pelvis as well. The primary idea behind the concept is to provide thoracic
expansion in cases of rib cage deformities (Figure 5). Same as TGR, VEPTRs undergo
repetitive surgical extensions. This type of treatment has exhibited consistent growth
of the spine with serial extensions (mean 71 mm across four lengthenings, one every

6 months) while improving the scoliotic curve in the frontal plane.5%56

Figure 5. Three months postoperative anteroposterior radiograph of an early onset
scoliosis (EOS) patient treated for congenital scoliosis and thoracic insufficiency
syndrome by multiple osteotomies of fused ribs of the right hemithorax and

implantation of the vertical expandable prosthetic rib (VEPTR) as well as short fusion

14



of the thoracolumbar transition following hemivertebra excision. (Courtesy of Dror

Ovadia, Tel Aviv)

A hybrid distraction-based construct utilizes ribs as anchors on the proximal
end of the construct, while the distal end is placed on the spine as in TGR. By avoiding
rigid fusion of the proximal vertebral anchors, growth of those segments is enabled.
Another benefit to this is the fact that the use of hooks on ribs reduces rigidity of the
entire construct. Decreased rates of rod breakages by using this technique have been
reported in the literature.>’

MCGR technique consists of telescoping rods which contain an internal
magnet that is controlled by an external remote controller (ERC) (Figures 6 and 7). It
has enabled orthopaedic surgeons to perform outpatient lengthenings, without the use

of (repetitive) anesthesia or pain medication. It is most often used as a purely spine-

15



based instrumentation, but can also be set up as a hybrid, connecting the distal spinal
anchors to the proximal rib anchors. This form of ,non-invasive® lengthening allows the
surgeon to lengthen more often, mainly every two to three months, as opposed to six

months per lengthening of TGRs.

Figure 6. Three month postoperative anteroposterior and sagittal postoperative
radiographs of a patient with early onset scoliosis (EOS) treated with implantation of

magnetically controlled growing rods (MCGR). (Courtesy of Dror Ovadia, Tel Aviv)

Figure 7. The external remote controller (ERC) (NuVasive Inc., San Diego, USA) for

the magnetically controlled growing rod (MCGR) distraction. The procedure is

16



performed every two months in an outpatient setting, without the use of analgesia or
sedation as it is quick and pain free. The patient is in a prone position with a pillow
beneath the abdomen so as to flex the spine slightly in order to bring it closer to the
device. The ERC is held firmly against the skin and the operator starts the magnetic
rotors through a push of a button, at the same time looking at the digital display
showing the amount of elongation, aiming for two to three millimeters at a time.

(Personal archive)
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1.2. Radiographic spino-pelvic parameters

Human evolution to upright posture and bipedalism caused extensive
modifications in our skeletal morphology.®® The ,pelvic vertebra“, which is the very
foundation of spinal balance, was paramount in this evolution. Progressive remodelling
in terms of widening and retroversion of the pelvic ring allowed humans to achieve
erect posture.®® It was those modifications that have driven the spino-pelvic
transformation from a primitive sagittal ,C-shape” to the ,S-shape® with cervical,
thoracic and lumbar curves. No other species has spinal alignment that includes a
lumbar lordosis (LL).5° These changes enabled us to adopt a neutral upright posture
with minimum energy expenditure. Dubousset brought this concept to the attention of
the medical community, with his theory on the ,conus of balance®, which refers to a
narrow range of standing alignment where the body remains balanced with minimal

muscle action.®°

1.2.1 Regional curvatures of the spine in the sagittal plane

All of the following parameters are measured using the Cobb method, proposed
by John Robert Cobb in 1948.# These curvature metrics are very much
interdependent, and it must be noted that there will be noticeable variation in the

normal values reported in the associated literature both for adults and children alike.5*

63
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Cervical lordosis

The most common method to determine cervical lordosis (CL) is by measuring
the lordosis angle from the upper endplate of C2 vertebra to the lower endplate of C7
vertebra.®* Reported lordosis values on asymptomatic patients vary from 15°£10° in
young adults to 25°+16° in patients over 60 years old, but there are also several reports
of kyphotic sigmoid cervical alignment in asymptomatic patient (as many as 13-

349%).65.60

Thoracic kyphosis

Thoracic kyphosis (TK) is most commonly defined as the angle between the
upper endplate of T5 vertebra and the lower endplate of the T12 vertebra. The average

normal values of T5-T12 TK in asymptomatic patients vary from 10° to 40°.6”

Lumbar lordosis

The lumbar curvature specific to humans is paramount to upright posture. The
LL is defined as the angle between the endplate of the sacrum and the cranial endplate
of the transitional vertebrae located between the lumbar curve and thoracic curve,
usually the T12 vertebra. It is important to note that up to two thirds of the total LL
value comes from the lower lumbar segments (i.e. L4-L5 and L5-S1). Mean reported
values for L1-S1 LL in asymptomatic patients vary from 40° to 60° (standard deviation

(SD) around 10°), with extreme values ranging from 30° to 80°.¢7
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1.2.2. Spinopelvic parameters

The early 1990s brought about a new concept of the “pelvic vertebra”, which
prompted numerous investigations on the way pelvic morphology influenced spinal
alignment. Duval-Beaupere et al. came up with three relevant parameters to use when
evaluating the pelvis: Pelvic Incidence (PI), Pelvic Tilt (PT), and Sacral Slope (SS)
(Figure 8).%° These three parameters are interrelated by the following geometrical
formula:

Pl = PT + SS.6970
The pelvis provides a critical link between the spine and the lower extremities and can

be seen as the regulator of the sagittal plane.™

Figure 8. Depiction of the sagittal spinopelvic parameters, which can be measured in
the erect position as well as sitting down in non-ambulatory patients, showing: Pelvic
incidence (PI) — the angle between a line drawn from the center of the femoral head
axis to the midpoint of the sacral plate and the perpendicular to the sacral plate. Sacral
slope (SS) - the angle between the horizontal and the sacral plate. Pelvic tilt (PT) -
the angle between a line drawn from the center of the femoral head axis to the midpoint

of the sacral plate and the vertical. (Artwork by Jasmina Petrovic)
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Pelvic incidence

The Pl is a fixed anatomical parameter which defines the relative orientation of
the sacrum versus the ilium.®°7° In adulthood due to the limited motion of the sacroiliac
joints, Pl is considered a morphological parameter, not affected by the orientation of
the pelvis. It is important to note that, although the general rule is that the pelvis is
morphologically stable throughout a person's life, it changes shape as a person
transitions from the fetal to the neonatal stage, and changes again in the transition to
adulthood before stabilizing.”>’ The reported average Pl value in asymptomatic adult
patients is 52°+10° with lower values around 35° and higher ones near 85°.5! Studies
on patients of age from four to 18 demonstrated mean value of 45° in patients under
10 years of age, and 49° in patients over 10 years of age.’>"® As the pelvis ,drives”

the spinal curves, the effect of Pl is such that asymptomatic patients with a small PI
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tend to have a vertically positioned sacrum with a small and short LL. Those with large

Pl values tend to have a more horizontal sacrum and a large and long LL.

Pelvic tilt and sacral slope

The pelvis is free to rotate around the femoral heads; its angular orientation in
the sagittal plane (a.g. anteversion and retroversion) can be assessed by the SS and
the PT. These two parameters are directly related by the geometrical equation

PI=PT +SS."t

The SS depicts the sagittal inclination of the sacral endplate. The average SS
value in asymptomatic patients has been reported to be 41°+8°.61.73 SS is affected by
patient positioning, making it a positional parameter.

The PT is a dynamic parameter that also changes with pelvic rotation about the
hip axis. The average PT in asymptomatic adults has been reported to be 13°£6°. Like
PI, PT increases during childhood, and studies on children have shown that they
exhibit a smaller PT at the age of seven years old (PT = 4°), than they do as
adolescents (8° in 13 year old patients).”>’3 Positive values of PT denote a posterior
rotation of the pelvis (e.g. retroversion), and negative values denote an anterior

rotation (e.g. anteversion).
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1.2.3. Proximal junctional kyphosis

Proximal junctional kyphosis (PJK) is a non-physiologic, sagittal plane
angulation that occurs cephalad to an instrumented spine. In adults and adolescents,
proximal junctional failures above deformity constructs have been well established
with different risk factors identified; however, the incidence, nature and clinical
significance of this kyphosis remains unclear. Several reports in the literature have
shed light on PJK in adults and adolescents with variable definition, incidence,
prevalence, acuteness, risk factors, clinical significance and the need for revision
surgery. The most consistent proximal junctional angle (PJA) measurement in the
literature as outlined by Glattes et al. has been between the caudal endplate of the
upper instrumented vertebra (UIV) and the cephalad endplate of two levels above the
UIV (Figure 9), with abnormal PJK defined as having proximal junctional CA = +10°
and at least 10° greater than the pre-operative measurement.” Kim et al. conducted
a systematic review on PJK after spinal deformity fusion surgery in which they were
able to include seven studies according to their selection criteria, all sharing the
aforementioned definition.”® They reported a PJK incidence of 17%-39%, mostly noted
by two years postoperative, with a moderate level of evidence. Risk factors included
increased age, fusion to the sacrum, combined anterior and posterior spinal fusion,
thoracoplasty, UIV at T1-T3, and non-anatomic restoration of TK. The type of implants
used at the proximal level did not have a consistent statistically significant association
with PJK across studies. The authors also concluded that PJK does not seem to have
a detrimental effect on health related quality of life (HRQOL) outcomes, at least in

milder/non-revision forms.
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Figure 9. Graphic depiction of the proximal junctional angle measurement, as
designed by Glattes et al.” The upper instrumented vertebra (UIV) is the one at which
the instrumentation ends in its proximal part. The angle of the proximal junction was
measured between the lower endplate of the UIV and the upper endplate of the second

vertebra above it (UIV+2). (Artwork by Jasmina Petrovi¢)
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1.3. Registries

Data from two registries were used for this research project, the Children’s
Spine Study Group (CSSG) and the Growing Spine Study Group (GSSG). They
include operative and non-operative care, as well as natural history cases. Both
registries are based in the United States of America (CSSG - Valley Forge,
Pennsylvania, GSSG — San Diego, California), and at the time of the study they
gathered expert pediatric spine surgeons from 30 countries. At the time of the study
the CSSG was chaired by Mr. Jack Flynn, and the GSSG Chairman was Mr. Behrooz
Akbarnia.

The registries are charitable, non profit organizations receiving funding from
private donations and industry support. They received support from following
companies: DePuy Synthes Spine, NuVasive, Zimmer Biomet, Medtronic,
OrthoPediatrics, Globus Medical Inc. and Stryker.

Data input is performed by the respective Institution, and a centralized analyst
reviews the data regularly for quality control. Audits are performed at regular intervals

to ensure data quality.

1.4. Health related quality of life

HRQOL is an individual's or group's perceived physical and mental health over

time. It is a health assessment tool and helps improve quality of life through various

indicators. On the individual level, it includes perceptions of physical and mental

health, while on the level of a group it includes community-level conditions, resources,
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policies, and practices that influence a population’s health perceptions and functional

status.

1.5. Purpose of doctoral thesis

In order to avoid sequelae of early spinal fusion, many techniques have been
developed to manage deformity of the spine in children with EOQS.527781 Posterior
distraction-based implants, such as rib-based and spine-based growing rods (GR), are
commonly used as a form of surgical treatment for this heterogeneous population.
Periodic posterior distraction across the deformity helps in stabilization of the
deformity, while still allowing for growth of the spine and for more space available for
the lungs. It is known that intra-operative posterior distraction forces are kyphogenic
by nature and may predispose patients to the development of hyperkyphosis and/or
PJK.

PJK has only recently been studied in the EOS population. Li et al. studied 68
patients treated with the VEPTR and determined that PJK developed in six percent of
patients; risk factors including pre-operative thoracic hyperkyphosis and the presence
of weak paraspinal muscular support in neuromuscular patients.®? Reinker et al. found
in 14 patients that upper cradle placement below the third rib, distal anchor placement
at too proximal a level, resulting in a shortened lever arm and less power in the implant,
and recurrent erosion and loss of fixation on the proximal ribs contributed to
progression of TK.82 Shah et al. reviewed 43 patients and reported how lengthenings
of the GR systems do not cause deterioration in the sagittal plane parameters over
time, and stress that PJK is a potential complication of this procedure that has to be

anticipated.®*
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Spinopelvic morphology plays a critical role in the balanced upright posture and
failing to account for it in treating spinal deformity increases the risk for residual spinal
deformity and treatment failure. Research of spinopelvic morphology and its influence
on sagittal spinal geometry and patient outcome in both pediatric and adult patients
has become recognized to a greater extent over the last decade.’?738592 The
International Spine Study Group (ISSG) has established several links between sagittal
plane spinopelvic alignment and the development of PJK in adult scoliosis. They have
introduced several novel concepts, such as age-adjusted surgical correction goals and
thoracic compensation that help to identify risk for development of PJK.%1-%2 These
concepts have not yet been studied in young children with scoliosis.

CSSG has performed studies in an effort to establish sagittal plane spinopelvic
alignment in children with EOS and to determine the effect of surgical treatment on
these parameters. The initial study performed on 80 children with scoliosis established
baseline values for spinopelvic parameters for young children with scoliosis and
compared these values to children without spinal deformity. Spinopelvic parameters
were found to be the same, except for a significantly greater PT and a significantly
lower SS in children with scoliosis. These values are now used as a baseline values
for both the natural history and for assessment of radiographic outcomes after surgical
intervention in children with EOS.®* In a separate study, which analyzed 79 patients,
the group compared the effects of rib-based vs. spine-based distraction on sagittal
spinopelvic parameters and found that, at minimum two-year follow-up, patients
treated with rib-based implants had greater CL, greater TK, less LL, less SS, greater
PT, and less pelvic radius angle as compared to those treated with spine-based
implants. As it was found that rib-based and spine-based implants resulted in different

post-operative sagittal profiles, the patient’s pre-operative sagittal alignment should be
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considered when deciding upon which type of distraction-based growing system to
use for an individual patient with EOS, for example thoracic hyperkyphosis precluding
from use of rib-based instrumentation.%

The CSSG has also performed studies examining the risk of developing PJK in
EOS patients. This includes a multi-center, retrospective, radiographic comparison for
a group of 40 children with EOS who were treated with posterior distraction-based
implants.®® Twenty percent at immediate post-operative follow-up and 28% at
minimum two-year follow-up had developed PJK. The risk of developing PJK between
rib-based and spine-based growing systems was not significantly different at
immediate post-operative follow-up (17% vs. 25%) or at final follow-up (25% vs. 31%).
The primary purpose of the above-mentioned study was to compare the risk of
developing PJK between rib and spine-based treatments. As a byproduct, high Pl was
found to increase the risk of developing PJK (risk ratio 3.1). Also, the radiographs of
362 children from the CSSG and the Growing Spine Study Group (GSSG) EOS
registries with more than two years of follow up who were treated with distraction
based implants were evaluated in a separate study.®” The purpose was to compare
the risk of clinically significant PJK between proximal rib vs. spine anchors. Sixty of
253 rib anchored and 31 of 109 spine anchored patients required proximal extension
of the UIV for an overall risk of 25% (24% rib vs 28% spine, P=0.34).

The primary interest of this study is to evaluate the effect of spinopelvic
morphology on the development of PJK in EOS patients treated with growth-friendly
constructs. The research in this thesis proposal will add spinopelvic measurements
and HRQOL to this data set in order to correlate relationships between pelvic

morphology, HRQOL, and PJK. These correlations have not yet been researched.
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2. Hypothesis

Non-physiological preoperative spinopelvic alignment (PI, PT, SS, PI-LL) in

children with EOS increases the risk of developing PJK during the treatment with

distraction-based growth friendly spine surgery.
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3. Research Aims

3.1. General aim

To determine the effect of spinopelvic parameters on PJK development in EOS

patients.

3.2. Specific aims

1) To determine the effect of pre-operative pelvic morphology on PJK in EOS

patients treated with growth friendly surgery with minimum 2-year follow-up.

2) To determine the impact of post-operative spinopelvic alignment on PJK in

EOS patients treated with growth-friendly surgery with minimum 2-year follow-up.

3) To determine the effect of spinopelvic alignment on HRQOL in EOS patients

treated with growth friendly surgery with minimum 2-year follow-up.

4) To determine the rate of PJK (both radiographic and clinically significant) in

EOS patients treated with growth friendly surgery with minimum 2-year follow-up
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4. Materials and Methods

This was a retrospective cohort study of a group of children from two registries,
the CSSG and the GSSG. Only children treated operatively with rib- or spine-based
distraction implants for EOS between April 1997 and August 2012 were included. Data
acquisition and analysis was performed by myself in the period from September 2014
to November 2017. Approval for use of the acquired data for the applicant’s doctoral
thesis was obtained on October 18" 2016 from leaders of both registries, the GSSG
and the CSSG, respectively. Institutional review board approval from each site was
obtained for each patient enrolled in the registries by the respective Institution,
together with consent from the patients’ caregivers for use of data in future research.
This research was approved by the Research Ethics Committee of the Zagreb
University School of Medicine on the 30" of January 2018.

The inclusion criteria consisted of EOS patients aged younger than 10 years at
time of diagnosis, treatment with distraction implants, and evaluation at most recent
follow-up (mean 4.53 years + 2.59). Excluded were patients older than 10 years at
time of diagnosis, those treated with spine fusion surgery, or patients with missing
radiographs.

Demographic data collected included age, etiology of EOS diagnosis, type of
surgery, type of implant and time of follow-up. Preoperative and postoperative
standing PA and lateral radiographs of the spine and pelvis were evaluated by a single
observer (the applicant, O.K.). Spinal measurements were performed using the
Surgimap software (Nemaris Inc., New York, USA) (Figure 10) and included: thoracic
and lumbar CA, TK (high TK defined as >50°), LL (high LL defined as 270°), PT (high

PT defined as >30°), SS, PI (high PI>60°), PI-LL (high PI-LL >20°) and proximal
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junctional angle (PJA). Radiographic PJK was defined as sagittal PJA = 10° and post-
operative PJA at least 10° greater than preoperative measurement.”>% The
requirement for proximal extension of the UIV during revision surgery was used as a
surrogate for clinically significant PJK (clinical PJK).®” This requirement was
considered as failure of the proximal junction, dependent on surgeon preference. This
structural failure could present itself as vertebral body fracture, implant pull-out or

breakage, and/or disruption of the posterior ligament complex.

Figure 10. A graphic depiction of measurements using the Surgimap software
(Nemaris Inc., New York, United States of America) on a randomly chosen patient
from the Children’s Spine Study Group registry. The sagittal plane radiograph is
performed in a standing position. The software guides the user into choosing required
elements of the patient’s anatomy — femoral heads (two circles), sacral plateau (line
on top of sacral plateau), upper endplate of the first lumbar vertebra (line on top of the
first lumbar verterbra), upper endplate of the first thoracic vertebra (line on top of the
first thoracic vertebra) and upper endplate of the second cervical vertebra (cervical
spine measurements not used in the study, shown here for illustration purposes only).
Once all the points are marked, the software measures and calculates all spinal and
pelvic sagittal parameters automatically — thoracic kyphosis (TK), lumbar lordosis (L1-
L4), pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS), pelvic incidence lumbar
lordosis mismatch (PI-LL). All the values are stated adjacent to the radiograph
(Alignment).

Two lines in the upper thoracic spine show an additional measurement, that of the
proximal junctional angle (PJA), according to Glattes et al.”> The value of PJA is given

in lettering, adjacent to the radiograph (Cobb 1 3.7°).
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The HRQOL branch of the study was performed in a sub segment of patients
who were evaluated with a HRQOL questionnaire made specifically for EOS patients
and their caregivers, the Early Onset Scoliosis Questionnaire-24 (EOSQ-24 —
Appendix 1, Instructions on scoring the EOSQ-24 — Appendix 2). The questionnaire
had to be filled out by the caregiver prior to commencement of treatment and at final
follow-up, so only those patients with questionnaires filled out at both time points were
evaluated. This is a validated measurement tool for HRQOL in EOS patients, in use
since year 2011.919 The questionnaire has 24 items in 11 domains. For HRQOL
domains: General health (2 items), Pain/Discomfort (2 items), Pulmonary function (2
items), Transfer (1 item), Physical Function (3 items), Daily Living (2 items),

Fatigue/Energy level (2 items), Emotion (2 items), Parental burden (5 items), Financial
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burden (1 item), Satisfaction (2 items) — scores = 80 were considered good outcomes,

while scores < 80 were considered to signify a poor outcome.

Appendix 1 — Early Onset Scoliosis 24-item Questionnaire (EOSQ-24)

General Health: During the past 4 weeks

1. In general, you would say your child’s health has been:

Poor Fair Good Very good Excellent
2. How often has your child been sick?
. . . A small amount of )
All of the time Most of the time Some of the time the time None of the time

Pain/Discomfort : During the past 4 weeks

3. How often has your child had pain/discomfort?

A small amount of

All of the time Most of the time Some of the time the time None of the time
4, How severe has your child’s pain/discomfort been?
Very Severe Severe Moderate Mild No Pain

Pulmonary Function: During the past 4 weeks

5. How difficult has it been for your child to cry/babble/speak (appropriate for age) without
experiencing shortness of breath?

Difficult Somewhat Difficult Neutral Somewhat easy Easy
6. How often has your child experienced shortness of breath during activities?
, i ) A small amount of )
All of the time Most of the time Some of the time None of the time

the time

Transfer: During the past 4 weeks

7. How often has your child’s health condition limited his/her access to places?

All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time
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Physical Function: During the past 4 weeks

8. How difficult has it been for your child to move his/her upper body?

Difficult Somewhat difficult Neutral Somewhat easy Easy
9. How difficult has it been for your child to sit up on his/her own?
Difficult Somewhat difficult Neutral Somewhat easy Easy

10. How difficult has it been for your child to keep his/her balance while crawling, walking, or
running?

Difficult

Somewhat difficult

Neutral

Somewhat easy

Easy

Daily Living: During the past 4 weeks

11. How difficult has it been for your child to dress him/herself or assist with dressing?

(examples: helping remove/ putting-on clothing, pushing arms and legs through shirts

and pants, or assisting with fasteners, zippers, snaps, buttons, velcro)

Difficult Somewhat difficult Neutral Somewhat easy Easy
12. My child needs more time than a healthy child to eat the same amount of food.
Strongly agree Inclined to agree Neither Inclined to disagree | Strongly disagree

Fatigue/Energy Level: During the past 4 weeks

13. How often has your child had fatigue?

All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time

14. How difficult has it been for your child to keep up his/her energy all day?

Difficult

Somewhat difficult

Neutral

Somewhat easy

Easy

Emotion: During the past 4 weeks

15. How often has your child felt anxious/ nervous due to his/her health condition?
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All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time

16. How often has your child felt frustrated due to his/her health condition?

All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time

Parental Impact: During the past 4 weeks

17. How often have you felt anxious/nervous about his/her health condition?

All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time

18. How often has your child’s he

alth condition interfe

red with family activities?

All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time

19. How much has your child’s health condition affected your energy level?

Extremely

A lot

Some

A little

Not at all

20. How often have you missed or have you been late for work or social events due to your
child’s health condition?

All of the time

Most of the time

Some of the time

A small amount of
the time

None of the time

21. Have you been able to spend enough time with your family/partner/spouse despite your
child’s health condition?

None of the time

A little of the time

Some of the time

Most of the time

All of the time

Financial Impact: During the past 4 weeks

22. How much of a financial burden has your child’s diagnosis of Early Onset Scoliosis been?

Extreme burden

Quite a burden

Moderate burden

A little bit of a
burden

No burden

Satisfaction: During the past 4 weeks

23. How satisfied is your child with his/her ability to do things?

Very dissatisfied

Dissatisfied

Neutral

Satisfied

Very satisfied
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24. How satisfied are you with your child’s ability to do things?

Very dissatisfied Dissatisfied Neutral

Satisfied

Very satisfied

Appendix 2 — Instructions on scoring the EOSQ-24

Scales and Iltems

Scale/ltem Name (and Abbreviation)

Number of Items

Child’s Health Related Quality of Life

16

General Health (GH) 2
Pain/Discomfort (PD) 2
Pulmonary Function (PF) 2
Transfer (TF) 1
Physical Function (PH) 3
Daily Living (DL) 2
Fatigue/Energy Level (FE) 2
Emotion (EM) 2
Family Impact 6
Parental Impact (PI) 5
Financial Impact (FI) 1
Satisfaction 2
Child Satisfaction (CS) 1
Parent Satisfaction (PS) 1
TOTAL 24
General Health (GH)
Item Response Choices Item Values
1. In general, you would Poor 1
say your child’s health Fair 2
has been: Good 3
Very good 4
Excellent 5
2. How often has your All of the time 1
child been sick? Most of the time 2
Some of the time 3
A small amount of the 4
time 5
None of the time

Scale Scoring

1. Create raw scores by computing the algebraic mean of the two items for those
respondents who completed one item or more; set missing for those respondents

who answered no items.

2. Transform the algebraic mean of the two items to standardized 0 to 100 scores

using the following algorithm:

(algebraic mean of the two items -1) *100
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4

3. Transformed scores should be 0 to 100

Pain/Discomfort (PD)

ltem Response Choices Item Values
3. How often has your All of the time 1
child had pain/discomfort? | Most of the time 2

Some of the time 3

A small amount of the 4

time 5

None of the time

4. How severe has your Very Severe 1
child’s pain/discomfort Severe 2
been? Moderate 3
Mild 4
No Pain 5

Scale Scoring

1. Create raw scores by computing the algebraic mean of the two items for those
respondents who completed one item or more; set missing for those respondents
who answered no items.

2. Transform the algebraic mean of the two items to standardized O to 100 scores
using the following algorithm:
(algebraic mean of the two items -1) *100
4

3. Transformed scores should be 0 to 100

Pulmonary Function (PF)

ltem Response Choices Item Values
5. How difficult has it been | Difficult 1
for your child to Somewhat Difficult 2
cry/babble/speak Neutral 3
(appropriate for age) Somewhat easy 4
without experiencing Easy 5

shortness of breath?

6. How often has your All of the time 1
child experienced Most of the time 2
shortness of breath during | Some of the time 3
activities? A small amount of the 4

time 5

None of the time

Scale Scoring

1. Create raw scores by computing the algebraic mean of the two items for those
respondents who completed one item or more; set missing for those respondents
who answered no items.

2. Transform the algebraic mean of the two items to standardized 0 to 100 scores
using the following algorithm:
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(algebraic mean of the two items -1) *100
4

3. Transformed scores should be 0 to 100

Transfer (TF)

ltem Response Choices Item Values
7. How often has your All of the time 1
child’s health condition Most of the time 2
limited his/her access to Some of the time 3
places? A small amount of the 4
time 5
None of the time

Scale Scoring

1. Create raw scores by recording the item value for those respondents who
completed the one item; set missing those respondents who answered no items.

2. Transform the value of the item choice to standardized 0 to 100 score using the
following algorithm:
(Value of Item Choice -1) *100
4

3. Transformed scores should be 0 to 100

Physical Function (PF)

Item Response Choices Item Values
8. How difficult has it Difficult 1
been for your child to Somewhat Difficult 2
move his/her upper body? | Neutral 3
Somewhat easy 4
Easy 5
9. How difficult has it Difficult 1
been for your child to sit Somewhat Difficult 2
up on his/her own? Neutral 3
Somewhat easy 4
Easy 5
10. How difficult has it Difficult 1
been for your child to Somewhat Difficult 2
keep his/her balance Neutral 3
while crawling, walking, or | Somewhat easy 4
running? Easy 5

Scale Scoring

1. Create raw scores by computing the algebraic mean of items answered for
those respondents who completed two items or more; set missing for those
respondents who answered one or no items.

2. Transform the algebraic mean of the items answered to standardized 0 to 100
scores using the following algorithm:
(algebraic mean of items answered -1) *100
4

3. Transformed scores should be 0 to 100
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Daily Living (DL)

ltem Response Choices Item Values
11. How difficult has it Difficult 1
been for your child to Somewhat Difficult 2
dress him/herself or assist | Neutral 3
with dressing? Somewhat easy 4
Easy 5
12. My child needs more | Strongly Agree 1
time than a healthy child Inclined to agree 2
to eat the same amount of | Neither 3
food. Inclined to disagree 4
Strongly disagree 5

Scale Scoring

1. Create raw scores by computing the algebraic mean of the two items for those
respondents who completed one item or more; set missing for those respondents
who answered no items.

2. Transform the algebraic mean of the two items to standardized O to 100 scores
using the following algorithm:
(algebraic mean of the two items -1) *100
4

3. Transformed scores should be 0 to 100

Fatigue/Energy Level (FE)

ltem Response Choices Item Values
13. How often has your All of the time 1
child had fatigue? Most of the time 2
Some of the time 3
A small amount of the 4
time 5
None of the time
14. How difficult has it Difficult 1
been for your child to Somewhat Difficult 2
keep up his/her energy all | Neutral 3
day? Somewhat easy 4
Easy 5

Scale Scoring

1. Create raw scores by computing the algebraic mean of the two items for those
respondents who completed one item or more; set missing for those respondents
who answered no items.

2. Transform the algebraic mean of the two items to standardized 0 to 100 scores
using the following algorithm:
(algebraic mean of the two items -1) *100
4

3. Transformed scores should be 0 to 100
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Emotion (EM)

ltem Response Choices Item Values
15. How often has your All of the time 1
child felt anxious/ nervous | Most of the time 2
due to his/her health Some of the time 3
condition? A small amount of the 4
time 5
None of the time
16. How often has your All of the time 1
child felt frustrated due to | Most of the time 2
his/her health condition? Some of the time 3
A small amount of the 4
time 5

None of the time

Scale Scoring

1. Create raw scores by computing the algebraic mean of the two items for those
respondents who completed one item or more; set missing for those respondents
who answered no items.

2. Transform the algebraic mean of the two items to standardized O to 100 scores
using the following algorithm:

(algebraic mean of the two items -1) *100

4

3. Transformed scores should be 0 to 100

Parental Impact (PI)

ltem Response Choices Item Values
17. How often have you All of the time 1
felt anxious/nervous about | Most of the time 2
his/her health condition? Some of the time 3
A small amount of the 4
time 5
None of the time
18. How often has your All of the time 1
child’s health condition Most of the time 2
interfered with family Some of the time 3
activities? A small amount of the 4
time 5
None of the time
19. How much has your Extremely 1
child’s health condition A lot 2
affected your energy level? | Some 3
A little 4
Not at all 5
20. How often have you All of the time 1
missed or have you been Most of the time 2
late for work or social Some of the time 3
events due to your child’s | A small amount of the 4
health condition? time 5
None of the time
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21. Have you been able to | None of the time
spend enough time with A little of the time
your family/partner/spouse | Some of the time
despite your child’s health | Most of the time
condition? All of the time

abh wnN k-

Scale Scoring

1. Create raw scores by computing the algebraic mean of the items answered for
those respondents who completed three items or more; set missing for those
respondents who answered one, two, or no items.

2. Transform the algebraic mean of the items answered to standardized O to 100
scores using the following algorithm:
(algebraic mean of items answered -1) *100
4

3. Transformed scores should be 0 to 100

Financial Impact (FI)

ltem Response Choices Item Values
22. How much of a Extreme Burden 1
financial burden has your | Quite a burden 2
child’s diagnosis of Early | Moderate burden 3
Onset Scoliosis been? A little bit of a burden 4
No burden 5

Scale Scoring

1. Create raw scores by recording the item value for those respondents who
completed the one item; set missing for those respondents who answered no
items.

2. Transform the value of the item choice to standardized 0 to 100 score using the
following algorithm:
(Value of Item Choice -1) *100
4

3. Transformed scores should be 0 to 100

Child Satisfaction (CS)

ltem Response Choices Item Values

23. How satisfied is your | Very dissatisfied 1
child with his/her ability to | Dissatisfied 2
do things? Neutral 3
Satisfied 4
Very satisfied 5

Scale Scoring

1. Create raw scores by recording the item value for those respondents who
completed the one item; set missing for those respondents who answered no
items.

2. Transform the value of the item choice to standardized 0 to 100 score using the
following algorithm:
(Value of Item Choice -1) *100
4

3. Transformed scores should be 0 to 100
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Parent Satisfaction (PS)

ltem Response Choices Item Values

24. How satisfied are you | Very dissatisfied 1
with your child’s ability to | Dissatisfied 2
do things? Neutral 3
Satisfied 4
Very satisfied 5

Scale Scoring

1. Create raw scores by recording the item value for those respondents who
completed the one item; set missing for those respondents who answered no
items.

2. Transform the value of the item choice to standardized 0 to 100 score using the
following algorithm:
(Value of Item Choice -1) *100
4

3. Transformed scores should be 0 to 100
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4.1. Statistical analysis

Statistical analysis was performed using (SPSS Version 24.0; Armonk IBM) and
OpenEpi (OpenEpi 3.03; Atlanta, GA). Two-tailed t-test statistics or Wilcoxon rank sum
tests were used to analyze continuous data, with a significance level of P < 0.05. Chi-
square and Fisher exact tests were utilized to determine risk and risk ratio between
different groups of patients. Because the a priori predictions were directional, one-

tailed tests were used, with a significance level of P < 0.05.
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5. Results

In total, among 2000 (CSSG) and 1500 (GSSG) patients included in the
registries at the time of the study, 270 were chosen for this study by a respective
registry staff member (T.St.H, J.P.) according to the following criteria — EOS patients
treated operatively with growing instrumentation and minimum 2 year follow-up. After
detailed review performed by myself, from the initially chosen 270, a total of 135
patients were deemed eligible for the study, 84 from the CSSG registry and 51 from
the GSSG. This further selection was made by evaluating the data quality, all
requested time points, as well as the technical aspects of their respective radiographs.
As the registries include inputs from institutions hailing from multiple countries, there
were inconsistencies in data acquisition and quality that caused the exclusion of 135
patients. Among the chosen patient cohort, 39 patients had all the necessary data and
adequate follow-up, however their radiographs were taken in the seated position
mainly due to their medical condition (or other reasons) prompting their elimination
from the radiographic branch of the study, leaving 96 patients in the radiographic PJK

branch (Figure 11).

Figure 11. A flowchart of the number of patients. At the time of study the registries had
3500 patients in total (natural history cases, non-surgical treatment and surgical
treatment). Registry staff extracted 270 patients who were surgically treated with
growth friendly instrumentation and minimum 2 years of follow-up. Out of the 270
patients, 135 were chosen by myself after detailed review of their clinical and
radiographic data. Out of the 135, 96 had full radiographic workup performed in the

standing position and were used for spinopelvic radiographic assessment. Out of the
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96, 75 had a health related quality of life questionnaire filled at two time points by their

3500

Patients in registries (at
time of study)

270

Patients extracted by registry staff
—] according to inclusion criteria

135

Total number of patients in the study with
required full sets of clinical data

Number of patients with all

radiographs taken in the standing
position

75

Number of patients with EOSQ24
filled out at 2 time points

parents or caregiver and were included in the health quality assessment branch.

The total sample (N = 135) included 54 congenital scoliosis patients, 10

neuromuscular scoliosis patients, 37 patients with syndromic scoliosis, 32 idiopathic
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scoliosis patients and two patients with unknown etiology, due to failure of the enrolling
physician to record it in the system. Of the 135 children included, 119 (88%) were
ambulatory, 2 (1.5%) were nonambulatory, 5 (3.7%) were preambulatory, while the
ambulatory status for 9 patients was not available. The patients were treated at an
average age of 5.3 £ 2.83 years (range, 0.97-12.18 years) with posterior distraction-
based implants. Eighty-nine patients had rib-based (86 VEPTR, 3 GR with rib anchors)
and 46 patients had spine-based distraction implants used, all GR with spine anchors.
None had a MCGR implant. In the rib-based implant group, 55 patients (62%) had
unilateral and 34 patients (38%) had bilateral instrumentation. In the spine-based
implant group, one patient had a single rod and 45 patients had dual rod constructs.
Of the 135 patients in the study 96 of them (71.1%) had adequate quality
radiographs taken in the standing position, which were deemed suitable for reliable
measurements of spinopelvic parameters to be acquired, and these patients were
included for the spinopelvic radiographic assessment (Table 1). The etiologies of
scoliosis for these 96 patients were as follows; 39 congenital, 26 idiopathic, 24
syndromic, 6 neuromuscular and 1 unknown. Overall, 25 patients had one construct,
70 patients required two constructs and one patient had three constructs. Proximal
anchor levels for the rib-based implant group ranged from T1-T9 and for the spine-
based implant group from C7 to T5. Distal anchor levels ranged from T10 to pelvis for
patients with rib-based implants and from T12 to pelvis for patients with spine-based
implants. At final follow-up, patients had an average age of 9.9+3.42 years (range,
2.64 to 20.28 years), the minimum being two years of follow-up, averaging at 4.5 years
+ 2.6, four patients with initial rib-based implants and six patients with initial spine

based-implants had undergone final fusion (so called “graduates”).
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The major curve decreased by 17% pre-operatively to most recent follow-up

(71° vs. 56°, P<0.005, paired samples t-test) (Table 2). In addition, growth-friendly

surgery affected spinopelvic parameters LL (52° pre-op. vs. 55° follow-up, P<0.029,

Wilcoxon Signed Rank test) and PI (49° pre-op. vs. 52° follow-up, P<0.005, paired

samples t-test), however, the PI-LL relationship remained unchanged (P=0.706,

Wilcoxon Signed Rank test).

Table 1. Breakdown of patient number per assessment group. This table depicts the

numbers of patients that exhibited no proximal junctional kyphosis (PJK), radiographic

PJK or clinical PJK among the three main assessment groups.

Study branch Clinical and Spinopelvic Health related
radiological PJK radiographic quality of life
assessment assessment assessment
Number of
analyzed patients 135 96 75
per assessment

group
No PJK 75 (55%) 42 (44%) 42 (56%)

Radiographic 36 (27%) 36 (38%) 20 (27%)

PJK
Clinical PIJK 24 (18%) 18 (19%) 13 (19%)

48



Table 2. Scoliosis curve and sagittal parameters measurements of 135 patients

included in the study: preoperative values and values at most recent follow-up

Most recent

Parameters Pre-op P-Value
follow-up
71.2+20.6
55.84+20.9
Scoliosis Angle (°, meantSD) (range 14 to <0.005*
(range 2 to 98)
128)
39.1+23.2 42.0+£23.2
Thoracic Kyphosis (°, meantSD) 0.086+
(range -5to0 115) | (range 1to 112)
51.8+16.1 55.3+16.5
Lumbar Lordosis (°, meantSD) 0.029+
(range -8t0 97) | (range 16 to 98)
10.8£10.9 13.1+12.7
Pelvic Tilt (°, meantSD) 0.100#
(range -20 to 42) | (range -15 to 58)
38.4+11.1 39.3%12.5
Sacral Slope (°, meantSD) 0.287#
(range 12 to 84) | (range 9 to 80)
48.9112.4 52.1 +14.2
Pelvic Incidence (°, meantSD) <0.005*
(range 16 to 80) | (range 23 to 97)
-2.94+17.82 -3.191£18.76
PI-LL (°, meantSD) 0.706#%

(range -49 to 73)

(range -43 to 62)

* Paired samples t-test; ¥ Wilcoxon Signed Rank test

LEGEND: SD - standard deviation, PI-LL — pelvic incidence lumbar lordosis mismatch
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Radiographic and clinical proximal junctional kyphosis development

Radiographic PJK developed in 38% of patients (36 of 96). The occurrence of
radiographic PJK was higher in syndromic (54%) and neuromuscular (50%) EOS
patients compared to idiopathic (38%) and congenital (23%) EOS patients, but this
difference did not reach statistical significance (P=0.063, Wilcoxon Signed Rank test).

Twenty-four of 135 patients (18%) required a proximal extension of the UIV
during revision surgery, here defined as clinical PJK. The occurrence of clinical PIJK
was not statistically significant different between etiologies (135 patients, P=0.230,
Wilcoxon Signed Rank test); 24% of syndromic, 30% of neuromuscular, 16% of
idiopathic and 11% of congenital EOS patients had clinical PJK.

Patients treated with rib-based constructs had a lower risk to develop
radiographic PJK compared to spine-based constructs (96 patients, PJK: 31% rib vs.
54% spine; RR: 0.584, 95%CI: 0.355-0.959; P=0.044, paired sample t-test). However,
construct type did not affect risk of developing clinical PJK (135 patients, RR: 0.861,

95%CI: 0.409, 1.816; P=0.696, paired sample t-test).

Sagittal parameters as risk factors for proximal junctional kyphosis

To identify radiographic risk factors for developing both clinical and radiographic
PJK, Chi square analysis or Fisher's exact test were used. Of all pre-operative
spinopelvic parameters analyzed, only pre-operative TK >50° increased the risk for
developing radiographic PJK (RR: 1.667, 95%CI: 0.981-2.832; P=0.04, Wilcoxon
Signed Rank test; Table 3). For clinical PJK, none of the pre-operative spinopelvic

parameters was found to be a risk factor (Table 3).
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Table 3. Relative risk of radiographic (for 96 patients with full radiographic workup

performed in the standing position) and clinical (for 135 patients with full clinical data

sets) proximal junctional kyphosis related to pre-operative spinopelvic parameters

Pre-operative Spinopelvic PJK Relative 95% P-value
Parameters Risk Confidence
Interval

Thoracic Kyphosis >50° Radiographic PJK 1.667 0.981-2.832 0.04
Lumbar Lordosis >70° Radiographic PJK 0.966 0.422-2.211 0.605
Pelvic Tilt >30° Radiographic PJK 0.657 0.118-3.660 0.518
Pelvic Incidence >60° Radiographic PJK 1.029 0.715-1.482 0.440
PI-LL >20° Radiographic PJK 0.782 0.292-2.091 0.883
Thoracic Kyphosis >50° Clinical PJK 0.952 0.411-2.206 0.455
Lumbar Lordosis >70° Clinical PJK 0.727 0.190-2.789 0.317
Pelvic Tilt >30° Clinical PJK N/A 0.301
Pelvic Incidence >60° Clinical PJK 0.522 0.167-1.629 0.183
PI-LL >20° Clinical PJK 1.025 0.277-3.796 >0.999

mismatch

LEGEND: PJK — proximal junctional kyphosis, PI-LL — pelvic incidence lumbar lordosis

Analysis of the post-operative spinopelvic parameters revealed that none of

these were risk factors for developing radiographic PJK (Table 4). However, a post-

operative PT >30° (RR: 2.47, 95%CI: 1.107-5.508; P=0.02, Wilcoxon Signed Rank

test) and PI-LL >20° (RR: 2.105, 95%CI: 0.922-4.809; P=0.047, Wilcoxon Signed

Rank test) increased the risk of developing clinical PJK (Table 4).
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Table 4. Relative risk of radiographic (for 96 patients with full radiographic workup
performed in the standing position) and clinical (for 135 patients with full clinical data

sets) proximal junctional kyphosis according to post-operative spinopelvic parameters

Post-operative PJK Relative | 95% Confidence P-
Spinopelvic Parameters Risk Interval value
Pelvic Tilt >30° Radiographic PJK 1.545 0.839-2.848 0.107
PI-LL >20° Radiographic PJK 1.545 0.839-2.848 0.107
Thoracic Kyphosis >50° Radiographic PJK 0.889 0.495-1.595 0.688
Lumbar Lordosis >70° Radiographic PJK 0.581 0.237-1.425 0.190
Pelvic Incidence >60° Radiographic PJK 1.243 0.735-2.103 0.426
Pelvic Tilt >30° Clinical PJK 2.47 1.107-5.508 0.020
PIl-LL >20° Clinical PJK 2.105 0.922-4.809 0.047
Thoracic Kyphosis >50° Clinical PJK 0.852 0.381-1.901 0.693
Thoracic Kyphosis >40° Clinical PJK 0.967 0.467-2.003 0.928
Lumbar Lordosis >70° Clinical PJK 1.158 0.478-2.803 0.748
Pelvic Incidence >60° Clinical PJK 1.146 0.533-2.464 0.729
LEGEND: PJK — proximal junctional kyphosis, PI-LL — pelvic incidence lumbar lordosis
mismatch

Proximal junctional kyphosis versus “No” proximal junctional kyphosis

Comparisons of patients with radiographic (96 patients) or clinical (135 patients)
PJK to patients who did not develop PJK, comprising the so-called “No PJK” group,

revealed no differences in pre- and post-operative sagittal alignment among the
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groups (Tables 5 and 6). The major curve was larger in the clinical PIJK group

compared to “No PJK” at most recent follow-up, however the magnitude of curve

correction was similar (Table 5). Although none of the radiographic parameters was

statistically significant different between groups pre-operatively or at most recent

follow-up, the magnitude of change for PT and Pl from pre-operative to most recent

follow-up was greater in the clinical PJK group compared to No PJK (P<0.05, paired

samples t-test) for each comparison), and there was a tendency to a greater change

of PI-LL in the clinical PJK group as well (P=0.062, Wilcoxon Signed Rank test)

(Tables 5 and 6).

Table 5. Comparison of spinal and spinopelvic measurements in “Clinical proximal

junctional kyphosis” group versus the “No clinical proximal junctional kyphosis” group

Parameters No clin. PJK Clin PJK P-value
Age at surgery (years, meantSD) 5.1£2.9 6.1£2.3 0.102
PJA post-operative (°, meantSD) 6.1£8.7 9.6+8.0 0.104
Levels fused post-op (#, mean*SD) 13.1£2.5 13.2£2.6 0.911
Major Curve

pre-operative (°, meantSD) 70.51£20.4 76.4121.2 0.177
last follow-up (°, meantSD) 53.6121.4 65.1+£15.9 0.015
A pre-operative - last follow-up (%) 18 +45 12 £ 22 0.495
Thoracic Kyphosis

pre-operative (°, meantSD) 38.8123.4 40.7122.6 0.687
last follow-up (°, mean+SD) 42.3123.3 40.4123.4 0.756
A pre-operative - last follow-up (°, meantSD) 3.5+23.3 -0.3+17.8 0.360

Lumbar Lordosis
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pre-operative (°, meanzSD) 51.7£16.3 52.2+15.5 0.886
last follow-up (°, mean+SD) 55.7£15.4 53.1£21.1 0.475
A pre-operative - last follow-up (°, meantSD) 4.0£17.9 0.9+23.4 0.700
Pelvic Tilt

pre-operative (°, meanzSD) 11.4+11.0 8.319.9 0.215
last follow-up (°, meantSD) 12.4+11.2 16.7+£18.1 0.430
A pre-operative - last follow-up (°, meantSD) 0.99+10.5 8.31+16.8 0.049
Pelvic Incidence

pre-operative (°, meanzSD) 49.5+12.3 46.0+12.8 0.216
last follow-up (°, meantSD) 51.4+14.0 55.4+14.9 0.212
A pre-operative - last follow-up (°, meantSD) 1.948.9 9.4 £10.8 0.002
Sacral Slope

pre-operative (°, meanzSD) 38.61£10.5 38.0£14.0 0.861
last follow-up (°, mean+SD) 39.3£12.3 39.0£14 .1 0.915
A pre-operative - last follow-up (°, meantSD) 0.77+£10.5 1.08115.6 0.927
PI-LL

pre-operative (°, meantSD) -2.2+18.0 -6.2+17.0 0.251
last follow-up (°, mean+SD) -4.4+16.4 2.3x27.0 0.254
A pre-operative - last follow-up (°, meantSD) -2.1+18.7 851254 0.062

LEGEND: PJA — proximal junctional angle, PJK — proximal junctional kyphosis, PI-LL —
pelvic incidence lumbar lordosis mismatch, SD — standard deviation
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Table 6. Comparison of spinal and spinopelvic measurements in the “radiographic

proximal junctional kyphosis” group versus the “No radiographic proximal junctional

kyphosis” group

Spinopelvic Parameters No Radiographic P-
radiographic PJK value
PJK
Age at surgery (years, meantSD) 5.0+2.9 5.4+2.9 0.507
PJA post-op (°, meantSD) 1.745.6 15.445.3 <0.005
Levels fused post-op (#, mean*SD) 13.3+2.3 12.9+2.7 0.504
Cobb Angle
pre-operative (°, meanzSD) 73.2419.3 66.2+22.1 0.110
last follow-up (°, meantSD) 58.8+20.2 53.61£20.8 0.134
Change pre-operative to last follow-up (%) 15+ 34 9164 0.560
Thoracic Kyphosis
pre-operative (°, meantSD) 34.1£21.9 41.0+£22.6 0.114
last follow-up (°, mean+SD) 41.3123.1 42.6124 .4 0.895
A pre-operative - last follow-up (°, meantSD) 7.2+19.6 1.55 £19.1 0.172
Lumbar Lordosis
pre-operative (°, meantSD) 50.81+18.5 51.0£14.0 0.853
last follow-up (°, meantSD) 54.5+17.9 54.0£16.8 0.674
A pre-operative - last follow-up (°, meantSD) 371227 3.0 £16.1 0.866
Pelvic Tilt
pre-operative (°, meantSD) 10.2+11.4 11.2£10.2 0.664
last follow-up (°, mean+SD) 11.5£12.0 15.3116.4 0.537
A pre-operative - last follow-up (°, meantSD) 1.3+11.2 4.1 +14.6 0.305

Pelvic Incidence
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pre-operative (°, meanzSD) 48.3+13.3 48.9+12.4 0.814
last follow-up (°, meantSD) 50.1+14.3 53.5+16.6 0.295
A pre-operative - last follow-up (°, meantSD) 1.8+93 4.6 +11.8 0.627
Sacral Slope

pre-operative (°, meanzSD) 38.7£12.0 38.1£11.9 0.655
last follow-up (°, meant£SD) 38.91£13.3 38.5£13.1 0.886
A pre-operative - last follow-up (°, meantSD) 0.2+11.9 0.41£12.3 0.525
PI-LL

pre-operative (°, meanzSD) -2.5+21.0 -2.1£14.6 0.759
last follow-up (°, meantSD) -4.4+18.1 -0.4+23.0 0.797
A pre-operative - last follow-up (°, meantSD) -1.9+21.3 1.6 £2.1 0.440

LEGEND: PJA — proximal junctional angle, PJK — proximal junctional kyphosis, PI-LL — pelvic
incidence lumbar lordosis mismatch, SD — standard deviation

Health Related Quality of Life

Seventy-five children (out of the 96 with adequate radiographic workup) from

two EOS registries, treated with rib (52) and spine (23) based distraction implants at

a mean age of 5.4 years were evaluated with the EOSQ-24 and radiographs prior to

treatment and at a mean follow-up of 4.5 years. Scores were compared using unpaired

t-test, risk ratios were calculated and analysed using chi squared testing (Table 7).
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Table 7. Results of the Early Onset Scoliosis Questionnaire-24 for 75 patients whose

parents or caregivers filled out the form prior to the initial treatment and at final follow-

up
EOSQ-24 Score (0-100) Single Questions Score (1-5)
Categories Mean * SD Mean * SD
General Health 78.6 +13.8 General Health 3.8+1.0
lliness Frequency 4107
Pain Discomfort 73.3+£19.2 Pain Frequency 3.5+£11
Pain Severity 3.9+£09
Pulmonary 86.8 £ 16.7 Pulmonary 45+0.9
Difficulty
Pulmonary 42+1.0
Frequency
Transfer 87.7+17.8 Transfer 44+0.9
Physical Function 87.3+15.2 Upper Body 41+1.1
Movement
Sitting Difficulty 46+0.8
Balance Difficulty 44+1.0
Daily Living 7951241 Dressing Difficulty |4.2+1.2
Time Eating 3.7+16
Fatigue 83.1+17.7 Fatigue 43+0.8
Energy 41+11
Emotion 80.8 +£16.3 Child Anxiousness | 4.1+0.9
Frustration 3909
Parental Impact 804 +£16.2 Parent 34+11
Anxiousness
Family Activity 40+£1.0
Parent Energy 40+£11
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Work Social 43+0.9

Family Impact 43+1.0
Financial Burden 73.1+26.3 Financial Burden 3.7+1.2
Satisfaction 77.6 +20.0 Child Satisfaction 39+1.0

Parent Satisfaction | 3.9+ 1.1

LEGEND: EOSQ-24 — early onset scoliosis questionnaire 24, SD — standard deviation

Etiologies included 32 congenital, 20 idiopathic, 18 syndromic, four
neuromuscular, and one unknown. Pre-operatively, the major scoliotis curve was 69°,
TK 40°, LL 51°, PI148°, and PT 11’. At final follow-up, the major curve corrected to 55’,
TK was 42°, LL 53°, PI 53" and PT 15". Etiology affected General Health (P=0.007,
Wilcoxon Signed Rank test) as outcomes were poor in 56% of syndromic and 50% of
neuromuscular patients as compared to 25% of idiopathic and 9% of congenital
patients.

A post-operative PI-LL mismatch of > £20° increased the risk for poor outcomes
(score <80) in the following HRQOL domains: Fatigue (RR: 2.29, CI: 1.23-4.24,
P=0.01, Wilcoxon Signed Rank test), Pain (RR: 1.70, CI: 1.07-2.71, P=0.04, Wilcoxon
Signed Rank test), Daily Living (RR: 2.37, Cl: 1.17-4.82, P=0.02, Wilcoxon Signed
Rank test), Parental Impact (RR: 1.94, CI: 1.14-3.31, P=0.002, Wilcoxon Signed Rank
test) and Emotion (RR: 1.82, CI: 1.03-3.22, P=0.05, Wilcoxon Signed Rank test). Post-
operative LL > 70’ increased the risk for high Family Burden (RR: 1.88, Cl: 1.17-2.87,
P=0.05, Wilcoxon Signed Rank test) and post-operative Pl > 60" negatively impacted
Transfer (RR: 1.76, Cl: 1.24-13.25, P=0.008, Wilcoxon Signed Rank test). In contrast,
pre- and post-operative TK > 40" decreased the risk for low Pulmonary Function (pre-

op: RR: 0.202, CI. 0.05- 0.84, P=0.009, Wilcoxon Signed Rank test; post-op RR:
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0.313, CI: 0.10- 1.03, P=0.018, Wilcoxon Signed Rank test). HRQOL was not affected

by PT > 30°, implant type or fusion to pelvis (Tables 8 and 9).

Table 8. The influence of spinopelvic parameters on the quality of life according to the

results of the Early Onset Scoliosis Questionnaire-24

SP Satisfaction Satisfaction Risk Ratio | 95% CI P - value
parameters <80 280
LL > 60 pre- 10 10 1.786 0.9566, 0.04
op 3.333
LL <60 pre- 14 36
op
LL > 60 post- 11 9 2.115 1.146, 0.01
op 3.905
LL <60 post- 13 37
op
Pain <80 Pain 280 Risk Ratio 95% CI P - value
Pl > 60 pre- 9 3 1.76 1.136, 0.02
op 2.726
Pl < 60 post- 26 35
op
Fatigue <80 Fatigue 280 Risk Ratio | 95% CI P - value
PI-LL > £20 9 11 2.75 1.274, 0.014
post-op 5.935
PI-LL < 20 9 46
post-op
LEGEND: SP - spinopelvic parameters, Cl — confidence interval, LL — lumbar lordosis, Pl —
pelvic incidence, PI-LL — pelvic incidence lumbar lordosis mismatch

Table 9. The influence of proximal junctional kyphosis on the quality of life according

to the results of the Early Onset Scoliosis Questionnaire-24

No Clinical No
Radiographic . . P- Clinical P-
Radiographic PJK
PJK (20) PIK (35) Value (13) PJK Value
(62)
Age at surger + +
J (yrs) it 57+29 48+3.0 0.295 5;7' 5;'0‘ 0.763
Follow-up 42+ | 43%
guestionnaire 45+35 43+29 0.796 0.895
(yrs) 3.0 3.3
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Follow-up + +
Radiographs 4.91+3.1 48422 0840 | 1% 44 1 343
27 25
(yrs)
EOSQ
Categories
General 815+ 78.0 +
735+ 15.0 80.0 + 12.1 0.086 o e | 0.405
Pain/Discomfort
75.0 + 19.1 73.2+206 0.756 7&9; 7f§; 0.454
Pulmonar
y 84.0+135 87.9 + 14.1 0.329 gff(: 8;9 4i 0.348
Transfer 954 + 86.0 +
86.0 +17.3 87.6 +17.1 0.735 e oo | 0.009
Physical
y 88.0 + 152 88.2+13.8 0.965 gf;; 8&671’ 0.374
Daily livin
yving 75.0 £+ 27.8 81.8 +22.4 0.332 827 675i 727 4'1761’ 0.177
Fatigue
g 76.5+ 16.9 86.9+14.7 0.021 8féssi 812%081' 0.231
Emotion
83.0+ 153 80.6 + 15.6 0.582 85’%38* 8fé3oi 0.563
Parental impact 4+ 794 +
P 79.5+13.8 80.3 +13.6 0.821 8155 ) fG S | 0241
Finance + +
86.0 + 23.5 68.5 + 24.0 0.012 7;3 " 73603_ 0.968
Satisfaction
80.0 + 20.0 75.0 + 19.9 0.385 Sfézgi 7155651' 0.054

LEGEND: PJK — proximal junctional kyphosis, EOSQ — early onset scoliosis questionnaire
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6. Discussion

The hypothesis stating abnormal preoperative spinopelvic anatomy will
influence the occurrence of PJK, was not corroborated. In fact, the sole measurable
preoperative parameter that had any significant impact on the arisal of radiographic
PJK was TK>50°. However, when assessed postoperatively, patients with a PI-LL
>20° and PT 230° were found to have 2.5 and 2.1 times higher risk of developing
clinical PJK, respectively. These findings provide important information to the surgeon,
who can now use methods discussed further in the text to try and avoid PJK in patients
with a higher preoperative risk as well as avoid under- or overcorrecting the lumbar
spine in the sagittal plane to negatively influence the spinopelvic anatomy.

The primary purpose of this doctoral thesis was to determine the effect of
spinopelvic parameters on the development of PJK, be it radiographic or with clinical
repercussions, in EOS patients treated with growing instrumentation. Clinical PJK,
meaning failure of the proximal junction due to fracture, issues with hardware or
myelopathy, was used in addition to radiographic PJK due to the intraobserver and
interobserver variance associated with radiographic PJK measurements.%01 The
decision on whether to act in a setting of a clinically significant PJK (i.e. pain,
neurological symptoms) was dependant on the treating surgeon. In this cohort of 135
EOS patients surgically treated with growth friendly constructs, 18% developed clinical
PJK. In the subgroup of 96 patients 38% developed radiographic PJK. A pre-operative
TK >50° and the use of spine-based distraction constructs increased the risk for the
development of post-operative radiographic PJK. Post-operative PT >30° and post-
operative PI-LL >20° increased the risk for development of clinical PJK. In addition,

patients with clinical PJK had greater changes in PT and PI at final follow-up.
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Only a few studies have documented the effect of spinopelvic parameters on
the development of postoperative PJK in EOS patients®8384, Given that EOS is an
uncommon disease, this study of 135 patients is considered a large cohort when
compared to other similar studies with the number of patients ranging from 14 to
68.828384 Data were collected from two multicenter study groups, which makes the
results highly applicable to surgeons performing growth friendly surgery. This patient
cohort included multiple etiologies, congenital (54), neuromuscular (10), syndromic
(37), and idiopathic (32) and two patients with unknown etiology. Detailed subanalysis
by etiology was not possible due to small sample size per etiology. Of note, etiology
had no statistically significant effect on either radiographic or clinical PJK.

Previously reported risk factors for PJK in EOS include older age at index
surgery, pre-operative thoracic hyperkyphosis, post-operative cervical hyperlordosis,
postoperative segmental hyperkyphosis and PJA, high PI, screw or anchor malposition
on the U1V, weak paraspinal muscular support, or hemivertebra.83102-194 |n this patient
cohort, preoperative TK >50° increased the risk for postoperative radiographic PJK.
Thoracic hyperkyphosis has been consistently reported as a risk factor for PJK in EOS
and AlS.103.105-107 |t was suggested that surgical correction of hyperkyphosis in order
to achieve a physiological sagittal profile might induce imbalance of the spine, for
which the trunk compensates by developing PJK.108:10% Although in this cohort more
hyperkyphotic EOS patients had radiographic PJK, it did not lead to a higher risk for
re-operation with extension of the UIV.

The importance of pelvic orientation on thoracolumbar spine alignment and its
implications on spine surgery has become increasingly evident in the adult spine
literature.10-112 pPelvic alignment is most commonly assessed using PT, which reflects

compensatory pelvic retroversion for spinal deformity, and PI, which determines LL,
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as well as SS. During growth, Pl and PT tend to increase, while SS remains stable.”
In adjacent segment disease (ASD) patients, a postoperative PT<20° or a
postoperative PI-LL between 10° and 20° was associated with a lower incidence of
PJK.112113 |n a previous study of 40 EOS patients, pre-operative PT tended to be
higher in PJK patients compared to those without PJK, but did not reach statistical
significance.1®® Although we did not observe any effect of pre-operative PT on
development of PJK, a post-operative PT =30° was a risk factor for clinical PJK
(P=0.04, paired samples t-test). In addition, we found that a post-operative PI-LL>20°
was associated with increased risk for clinical PJK. Comparisons between PJK and
“‘No PJK” patients showed that the magnitude of change for PT and Pl was higher in
clinical PJK patients. This suggests that patients who developed clinical PJK
underwent significantly greater changes in alignment. Pelvic parameters should
therefore be taken into account when planning surgical correction to decrease the
occurrence of PJK.

Distraction-based implants are used to correct spinal deformities in EOS
patients by mechanically applying a distractive force across the deformed segment of
the spine with anchors at the top and bottom of the implants, which attach to the spine,
rib or pelvis depending on patient characteristics of the curve, age and available bone
stock.?°3114 There has been increasing interest in the effects of the different construct
types, rib-based compared to spine-based surgery, on the occurrence of PJK. It was
hypothesized that rib-based constructs might decrease the risk for developing PJK in
comparison with the spine-based construct, given that they less likely disrupt the
posterior ligamentous complex at the UIV. In addition, pedicle screws or hooks of
spine-based constructs may increase load/compression forces on the proximal

junction of the spine. The use of rib anchors rather than pedicle screws avoids fusion
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at the proximal anchor site, allowing some motion of the implant construct, and
resulting in lower PJA and flexion of proximal forces. A previous study of 40 EOS
patients and a study by Chen et al. including 33 EOS patients found that, although not
statistically significant, the incidence of PJK was slightly lower in patients treated with
rib-based distraction as compared to spine-based distraction.'%31% This study of 135
patients found a lower risk for radiographic PJK in patients with rib-based (31%)
constructs compared to spine-based distraction constructs (54%). This suggests that
using a more rigid system leads to a higher incidence of PJK.

The clinical relevance of an increase in proximal kyphosis has also been
guestioned. Although in this cohort 18% of EOS patients required revision of the UIV,
other studies reported a low incidence of 0-6% for PJK requiring proximal surgical
extension in EOS patients.52104:116 |n addition, PJK can be corrected by extending the
fusion during planned lengthening or at the final fusion surgery in EOS patients
undergoing growth-friendly surgery. Although the impact of PJK on the overall
treatment plan might therefore be minimal, revisions add risks of perioperative
complications to the patient. Adjustment of surgical correction goals and thoracic
compensation will help to reduce the risk for development of PJK in young children
with scoliosis.

Assessing quality of life in patients with EOS is a difficult task, due to evident
heterogeneity of the targeted population in aspects such as etiology, patient age,
comorbidities. Standard adult health measures cannot be used to assess the pediatric
population. Thus, the EOSQ-24 was developed and validated for this subgroup of
scoliosis patients.®® The results of the evaluation of HRQOL revealed important
considerations to be included in the preoperative discussions. Patients with a

syndromic or neuromuscular scoliosis tend to have poorer quality of life scores in
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general, with poor outcomes seen in 56% and 50%, respectively. As opposed to those
children, patients undergoing the same types of treatment but with idiopathic and
congenital etiology to their scoliosis exhibited poor results at a much lower rate (25%
of idiopathic and 9% of congenital patients). This information can help set the family's
expectation bar from the beginning of treatment as well as improve cooperation.

In this cohort of patients with EOSQ-24 results we have identifed three findings
that significantly influence quality of life in these children. The first one is the PI-LL
mismatch of > +20° that negatively affected the Fatigue and Pain domains and also
had a negative impact on the Emotion, Daily living and Parental domains. This fact is
well known from the literature on adult spine patients, as a PI-LL mismatch of >10° is
associated with adverse patient-reported outcomes.'”:118 Diebo et al. reported that
increasing PI-LL mismatch caused the body to compensate by increasing pelvic
retroversion, decreasing TK, and increasing both knee flexion and pelvic shift. In their
paper the authors also demonstrated that the compensation mechanisms of the body
for positive sagittal imbalance through PT and TK become depleted after 20° and 30°
of PI-LL mismatch, respectively.'’® Continuous PI-LL mismatch together with
overcompensation through PT and TK can cause PJK, adjacent segment pathology
as well as pseudarthrosis.'1t113120 The other two findings impacting HRQOL
significantly were post-operative LL>70° and post-operative Pl > 60°.

According to the relevant literature, the quality of life in patients with EOS is
significantly impaired, especially regarding physical function and caregiver burden.
These patients score lower on HRQOL questionnaires than those afflicted with cancer,
heart disease, epilepsy or asthma.?®1?1122 EQS affects young children at a
developmentaly extremely turbulent and formative time and the offered treatments

purport multiple visits to the hospital and bear a high complication rate. All of this has
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been shown to affect the children's psychosocial functioning to a significant extent.
The effects of repetitive anesthesia on the developing brain have been reported to
negatively affect both behavior and cognition.'?3-125 |n their report on the psychosocial
impact of surgical treatment in EOS patients, both Matsumoto et al. and Flynn et al.
found a higher prevalence of anomalous scores in numerous domains. Further, the
authors reported that younger age at index surgery and a higher total number of
surgeries performed correlated strongly with those abberant results.'?612” However,
Matsumoto et al. also reported on a noticeable increase in prosocial behavior
correlated to an increased number of surgeries, demonstrating that the challenges
these children face also help them become more resilient, mature faster than their
healthy peers through developing strong coping mechanisms. Also, it was noted that
the higher levels of anxiety and depression in these patients tend to decrease during
the course of treatment, presumably because of the patients’ maturation and
understanding that their treatment is working in their favor.12¢

This study has several important weaknesses: its non-consecutive,
retrospective nature, length of follow-up which does not include full maturity and the
possible biases associated with its design. Because EOS is so rare, it is difficult to
acquire large numbers of patients to study without examining a multi-center database.
Thus, the study was performed by using two multicenter study groups as single center
studies would lack of statistical power and could not reveal significant outcomes.
Technical inconsistencies in radiograph acquisition quality among different institutions
caused a great deal of patients with otherwise good quality data to be excluded from
the study. Also, even in good quality radiographs, acquiring accurate measurements
of all stated parameters proved a difficult task in the setting of scoliosis, especially at

the upper end of the construct due to difficulties with discerning the most proximal
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thoracic vertebrae. The multicentricity in question also brought about the unavoidable
difference of opinions and, ultimately, types of treatment among institutions as well as
individual surgeons. The registries in question also did not take into account gender,
a simple demographic characteristic that could help shed light on a possible difference
of risks for males versus females, or vice versa. Furthermore, the definition of PJK has
been variable in the literature and its risk in the EOS population has been recently
documented, varying from seven percent to 56% in the literature depending upon the
definition used.’”>1%2 Therefore, clinical PJK was analyzed in addition to radiographic
PJK, to account for difficulties in radiographic measurements due to the small stature
of EOS patients, poor bone quality and variability in positioning for radiographs at
different institutions. An additional important limitation to adress is the heterogeneity
of etiologies and medical complexity of children with EOS included in the study. Taking
into consideration the rarity of the disease itself, drawing conclusions only for a certain
etiology would provide low power results from which sensible conclusions could not

be drawn.
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7. Conclusion

For patients with EOS undergoing growth-friendly surgery, preoperative TK
>50° and spine-based distraction construct increase the risk of developing
radiographic PJK; and postoperative PI-LL >20° and PT =30° increase the risk for
clinical PJK. This stresses the importance of taking into account the spinopelvic
parameters in pre-operative planning, given that the surgeon’s ability to affect LL can
influence these measurements. Furthermore, it prompts clinicians to take into account
that the type of construct can also increase the development of PJK.

The HRQOL branch of the study showed that a postoperative PI-LL mismatch
of > +20 increases fatigue in patients, something also noted in patients who had
exhibited radiographic PJK. Both pre- and postoperative LL >60° decreased the
satisfaction category significantly. Preoperative Pl >60° was shown to increase pain
in everyday lives of patients. The etiology of scoliosis was found to have significant
impact on general health, with 67% of syndromic scoliosis and 50% of neuromuscular

scoliosis patients scoring poorly (<80).
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8. Abstract in Croatian

Pre- i postoperativna spinopelvina anatomija utje€u na rezultate lijeCenja djece s
ranopojavnom skoliozom. Hipoteza predmnijeva da bolesnici s abnormalnom
spinopelvinom anatomijom imaju vedi rizik od nastanka kifoze proksimalnog spoja
(KPS) u tijeku lije€enja rastu¢im instrumentacijama. Ova studija obuhvatila je
bolesnike lijeCene od travnja 1997. do kolovoza 2014. Kod dijela bolesnika
evaluirana je i kvaliteta Zivota. 135 bolesnika lijeCeno je u prosjecnoj dobi od 5,3
2,83 godina (raspon, 0,97-12,18) s minimalnim pracenjem od 2 godine (prosjek, 4,5
t 2,6 godina). 96 bolesnika uklju¢eno je u ispitivanje radiografske kifoze. Ukupno je
upotrijebljeno 89 kraljezni¢nih i 46 rebrenih instrumentacija. Radiografska KPS
pronadena je u 38% (36/96), dok je ona klini¢ki zna¢ajna otkrivena u 18% (24/135)
bolesnika. Preoperativna torakalna kifoza (TK) >50° povecala je rizik za radiografsku
KPS (RR: 1.667, P=0.04), dok preoperativni spinopelvini parametri nisu utjecali na
razvoj klini¢ki znacajne kifoze. Utjecaj navedenih anatomskih varijanti na kvalitetu
Zivota bio je slijedeci: razlika incidence zdjelice i lordoze (eng. pelvic incidence
lumbar lordosis mismatch (PI-LL)) >20° uzrokuje lo$ rezultat u multiplim domenama,
nagib zdjelice (eng. pelvic tilt (PT)) >30°. Preoperativha TK >50° i kraljezni¢ne
instrumentacije povecavaju rizik pojave radiografske kifoze, a postoperativni PI-LL
>20° i PT =30° povecavaju rizik od klini¢ki znacajne kifoze. Preoperativna Pl >60°

uzrokuje bolove.
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9. Abstract in English

Pre- and postoperative spinopelvic anatomy can influence results of
distraction treatment in early onset scoliosis. | hypothesize patients with abnormal
spinopelvic alignment have increased risk of proximal junctional kyphosis (PJK)
during distraction treatment. Patients were treated between April 1997 and August
2014. A subsegment of patients were evaluated for quality of life. 135 patients were
treated at an average age of 5.3 + 2.83 years (range, 0.97-12.18), with minimum 2-
year follow-up (average, 4.5 £ 2.6 years). 96 of 135 were included in the
radiographic PJK study. 89 rib- and 46 spine-based distraction implants were
used.Radiographic PJK developed in 38%, and clinical PJK in 18% of patients. Only
pre-operative TK >50° increased risk for radiographic PJK (RR: 1.667, P=0.04). Pre-
operative spinopelvic parameters did not increase risk for clinical PJK. Regarding
quality of life, pelvic incidence —lumbar lordosis (PI-LL) mismatch > +20° increased
risk for poor outcomes through multiple domains while pelvic tilt (PT) >30°, implant
type or fusion to pelvis had no effect. Preoperative TK >50° and spine-based
distraction construct increased risk of radiographic PJK, and postoperative PI-LL
>20° and PT =30° increased risk for clinical PJK. Preoperative Pl >60° was shown to

increase pain.

The effect of spinopelvic parameters on the development of proximal junctional

kyphosis in early onset scoliosis

Ozren Kubat, 2021
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