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Abbreviations and concepts
Agreement
AP

The degree to which repeated measurements are identical, e.g. the
measurement precision
Anteverted pelvis

ASD

Adult Spinal Deformity

AUC

Area under the curve

C7

The 7th cervical vertebra

CI

Confidence interval

Coronal

Anterior plane of the spine

DICOM

Digital Imaging and Communication in Medicine

GAP

Global alignment and Proportion: a score to predict postoperative results

HRQOL

Health-related quality of life

ICC

Intraclass correlation coefficient, used to measure reliability

IQR

Interquartile range

Kyphosis

Convex curvature of the spine, normally seen in the thoracic spine

L5

The 5th lumbar vertebra

LOA

Limits of Agreement, used to quantify Agreement in continuous data

Lordosis

Concave curvature of the spine, normally seen in the cervical and lumbar spine

Mechanical complication
OR

Defined as a postoperative instrument failure, eg. rod breakage or proximal
junctional failure
Odd ratio

PACS

Picture Archiving and Communication System

PI

Pelvic Incidence: morphologic spinopelvic radiographic parameter (Figure 3)

PJF

Proximal junctional failure: PJK more than a specified amount or combined with
eg. fracture or ligamentous rupture.

PJK

Proximal junctional kyphosis: postoperative kyphosation above the highest level
of instrumentation
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Plumb line

vertical line

PT

Pelvic Tilt: radiographic spinopelvic parameter representing compensation for
sagittal imbalance (Figure 3)

Reliability

The ability of a measurement to differentiate between subjects[1], using the
ratio between measurement error (within subject) and between subject
variation

Reproducibility

Umbrella term for agreement and reliability, describes the similarity between
repeated measures.

Revision surgery

Secondary unplanned surgery after index procedure

ROC

Receiver operating characteristics

Sagittal

The lateral plane of the spine

SD

Standard deviation

SEM

Standard error of measurement: a parameter to assess Agreement

SRS

Scoliosis Research Society

SS

Sacral slope: a radiographic parameter of the slope of the sacral endplate
(Figure 3)

SVA

Sagittal vertical axis: a radiographic describing the sagittal balance of the spine
(Figure 2)

UIV

The uppermost instrumented vertebra
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Summary
Adult Spinal Deformity (ASD) is a common disorder which substantially impacts health-related
quality of life and is associated to considerable pain. Although the reason for ASD can be
manifold, iatrogenic causes and degenerative aging processes are the most common. Recent
decades have seen accelerated technological and surgical advances, and in addition to a
demographic shift of the global population, ASD is attracting growing interest. Non-surgical
treatment is often chosen as first-line of treatment; although, the outcome of surgery is
considerably favorable. Despite compelling effect on every-day living and pain, surgical
treatment is associated with a considerable risk of complications, including mechanical failure
requiring revision surgery. Radiographic parameters on whole-spine imaging have been
established as a crucial cornerstone in diagnosis, assessment of severity, pre-operative planning,
and post-operative evaluation of patients with this disorder. In addition, numerous classification
and scoring systems are emerging in attempts to identify at-risk patients and predict
complications requiring revision surgery.
The overall aim of this thesis was to further scientific knowledge of radiographic parameters in
patients with ASD, in efforts to ultimately reduce the surgery-related risks. The Roussouly
Classification system was developed to describe the variation in sagittal spine shapes in the
normal population, and to serve as templates for the surgical targets. In Study I, this system was
assessed for its reproducibility when classified by multiple raters and with repeated
measurements. A blinded test-re-test study was performed in 64 patients referred for ASD
assessment. Using Fleiss Kappa, inter-rater reliability was estimated as “moderate” and intrarater reliability as “substantial”, which we found comparable with previous similar estimates of
the most commonly used ASD classification system—the SRS-Schwab ASD Classification.
Although, single radiographic parameters of the sagittal spine are frequently used in ASD
evaluation, the measurement error has not been established. It is assumed to be approximately
±5°; although, the evidence for this is not well founded. In Study II, we aimed to address this
lack in knowledge. In a similar reproducibility study, we estimated the measurement error of
four commonly used radiographic parameters. Despite excellent reliability, we found that the
measurement error was considerably greater than previously assumed, and that the magnitude of
measurement error varied considerably between the included parameters.
Finally, the Global Alignment and Proportion (GAP) score was recently presented with excellent
predictability of mechanical failure after ASD surgery. In Study III, we aimed to validate this
6

novel score in a consecutive cohort of 149 patients with minimum 2-years follow-up. Despite
only minor dissimilarities to the cohort in the original study, we found no statistical association
between the GAP score and mechanical complications after surgery for ASD.
In conclusion, we found moderate to substantial reliability of the Roussouly Classification
system; estimated the measurement error of sagittal radiographic parameters to be greater than
previously assumed; and were not able to validate the accuracy of the GAP score, all in patients
with ASD.
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Dansk resumé
Adult Spinal Deformity (ASD) er den internationale betegnelse for rygdeformiter hos voksne, og er
en hyppig og smertefuld tilstand med betydelig negativ indflydelse på livskvaliteten. Rygdeformiter
hos voksne kan opstå af forskellige grunde, og de hyppigste årsager er iatrogen deformitet (som
følge af en behandling), samt degenerativ deformitet som følge af aldring. Der har i de seneste årtier
været en betragtelig teknologisk og kirurgisk udvikling, og kombineret med den demografiske
befolkningsudvikling og deraf flere ældre, ses en øget interesse for behandling af rygdeformiteter. I
tilfælde af svær deformitet er kirurgi at foretrække frem for konservativ behandling, og de fleste
patienter vil opnå et godt resultat med betydelig reduktion af smerter og funktionsnedsættelse.
Imidlertid er kirurgi forbundet med betydelige risici, inklusive mekaniske komplikationer der ofte
kræver fornyet kirurgi. En afgørende hjørnesten i undersøgelse af rygdeformitet er radiologiske
parametre. Disse måles på røntgenbilleder taget af hele rygsøjlen med patienten i stående stilling.
De bruges til diagnostik, vurdering af grad af deformitet, planlægning af kirurgi og post-operativ
vurdering af effekten af kirurgi. Ligeledes sker der for tiden en udvikling af flere
klassifikationssystemer til at identificere patienter i højere risiko for komplikationer, og til generelt
at forudsige komplikationer som følge af kirurgi.
Denne ph.d.-afhandlings overordnede formål var at bibringe yderligere viden indenfor radiologiske
målinger hos voksne med rygdeformiteter, for at reducere den risiko der er forbundet med kirurgi.
Roussouly´s klassifikationssystem blev udviklet med det formål at beskrive den normale variation i
rygtyper hos symptomfri individer, og til at bruges som skabelon ved planlægning forud for
deformitetskirurgi. I Studie I, undersøgte vi reproducerbarheden af dette system når flere
observatører foretog gentagne målinger på de samme patienter. Forsøget udførtes som et blindet
test-re-test studie af 64 patienter henvist pga. rygdeformitet. Ved brug af Fleiss Kappa estimerede vi
reproducerbarheden som ”moderat” til ”betydelig”, sammenligneligt med tidligere skøn af det, for
tiden, mest brugte klassifikationssystem af rygdeformitet.
Selvom enkelte røntgenparametre hyppigt bruges ved vurdering af rygdeformiteter, er den reelle
måleusikkerhed ikke fastslået. Der er en generel antagelse af en måleusikkerhed på ±5°, men
antagelsen er ikke velbegrundet. I Studie II, var formålet at belyse denne problemstilling. Med
lignende fremgangsmåde som i Studie I udførtes et reproducerbarheds-studie, hvor vi ønskede at
fastslå måleusikkerheden af 4 hyppigt brugte radiologiske parametre. Måleusikkerheden var
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betydeligt større end tidligere antaget. Desuden var der en stor variation i måleusikkerhed blandt de
undersøgte parametre.
Der er for nylig publiceret et studie hvor Global Alignment and Proportion (GAP) skalaen blev
præsenteret med fremragende evne til at forudse mekaniske komplikationer efter deformitetskirurgi.
I Studie III, var formålet at validere denne nye skala hos 149 patienter efter kirurgi for
rygdeformitet, og med to års opfølgning. Med forbehold for mindre demografiske forskelle
sammenlignet med den oprindelige patient population, fandt vi ingen statistisk sammenhæng
mellem GAP score og mekanisk komplikation til kirurgi.
På baggrund af disse tre studier kan vi konkludere: 1) at Roussouly’s klassifikationssystem er
forbundet med ”moderat” til ”betydelig” reproducerbarhed, 2) at der er betydeligt større
måleusikkerhed ved brug at radiologiske parametre hos patienter med rygdeformitet end tidligere
antaget, og 3) at vi ikke kunne bekræfte GAP skalaens evne til at forudsige mekaniske
komplikationer efter deformitetskirurgi.
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Introduction
“Primum, non necere”

Adult Spinal Deformity (ASD) is a complex and heterogeneous spinal disorder involving
deformity in the coronal and the sagittal plane[2]. It is now well established that ASD is
associated with significant disability and pain [3–5]. Previous studies have estimated the
prevalence of ASD in the general population to be between 2%-23%[6–9], although a prevalence
of up to 68% has been suggested in the elderly[5,10]. This pathological condition encompasses a
variety of types and magnitudes of deformity[11]. The majority of patients with ASD are less
severe cases and these patients will often be treated using non-operative modalities such as
physical therapy and pain-medication. Patients with more severe deformities will often benefit
from surgical treatment [12–14], involving correction of the spine using pedicle screw
instrumentation. Although beneficial, surgery for ASD has definite risks, including mechanical
complications requiring revision surgery[15–17]. Therefore, increased attention has been
directed towards reducing these risks. Certain patient characteristics have been identified to be
correlated to postoperative complications and further investigation is being conducted in
developing radiographic targets for surgery[18–21]. The importance of sagittal balance is well
established and recent interest has been directed towards the development of individualized
radiographic goals for surgery[22–24]. The following sections of this thesis will aim to introduce
the importance of sagittal spine balance and the nature of sagittal spine deformity, followed by a
description of current classification systems and the gap in knowledge that necessitates the
papers presented in this thesis.
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Background
Sagittal balance
In young healthy individuals, the spine is balanced with the
center of mass vertically aligned with the feet. Due to
degenerative changes with increasing age, or other causes
which will be mentioned later, a forward tilt, or kyphosing
event, will alter this balance[25–29]. Dubousset proposed the
“cone of economy” to illustrate the essentials of standing
balance (Figure 1) [30]. Centered at the feet, a 3-dimensional
cone is projected upwards and thus defines the range within
which the body can remain standing with minimum energy
expenditure[31]. As the center of mass sways from the center
of the cone, energy expenditure increases with consequent
muscle fatigue and pain [22,32]. The most common method
of measuring sagittal balance is the Sagittal Vertical Axis
(SVA) measured on long standing radiographs of the spine
and defined as the distance between the C7-plumbline and
the superior posterior corner of S1 (Figure 2). Understanding
sagittal balance requires awareness of the spinopelvic

Figure 1. Illustrates the “Cone of
economy proposed by Dubousset. The
least amount of energy is spent in a

parameters: Pelvic Incidence (PI), Pelvic Tilt (PT) and Sacral

balanced erect position. As the center of

Slope (SS). The measurement methods of these radiographic

mass shifts forward towards the edge of

parameters are illustrated in Figure 3. PI is a fixed,

the cone, energy expenditure increases.

individually morphologic parameter and does not change with age after adulthood[33–36].
Furthermore, the PI is not affected by the patient´s body position.
Compensating for imbalance
Besides natural aging, other processes or events can also cause spinal kyphosing with consequent
sagittal imbalance [25,37–42]. Neuromuscular diseases such as Parkinson, degenerative
conditions, Scheuermann´s disease, and autoimmune processes such as Ankylosing Spondylitis
often cause spinal deformity. Others causes are osteoporosis, vertebral fractures, short segment
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Figure 2. Sagittal (lateral) spine. C7 indicate the C7

Figure 3. Sagittal (lateral) lower spine and pelvis.

vertebrate. The solid line illustrates the sagittal vertical

Methods for measuring the spinopelvic radiographic

axis (SVA), measured as the horizontal distance between

parameters: sacral slope, pelvic incidence and pelvic tilt.

the superior, posterior corner of the sacral endplate and
the plumb line drawn from C7.

degeneration, and iatrogenic events as post laminectomy syndrome or lumbar fusion in relative
13

kyphosis. Regardless of the reason for sagittal imbalance,
mechanisms of self- preservation will attempt to restore
balance to enable upright gait and horizontal gaze [30,43–
45]. These mechanisms will briefly be described:
Spinal extension
In an overall imbalanced spine, extension in parts above
and below the kyphotic segments is possible in a flexible
spine and with musculature capable of erection, thus
resulting in a reduction of thoracic kyphosis. Effects may
be painful and can lead to a possible spondylolisthesis
under extreme conditions[25].
Pelvic retroversion
Pelvic retroversion involves retroversion (hip extension)

Figure 4. Pelvic retroversion can compensate for
sagittal imbalance and involves retroversion of
the pelvic around the femoral heads.

of the pelvis around the femoral heads (Figure 4) [46,47].
PT represents the extent of pelvic retroversion, and as PT
increases, SS decreases which in term enables correction
of sagittal imbalance. As PI=PT+SS, individuals with a
large PI have greater ability of pelvic retroversion as their
PT range is greater[48]. Assuming that the SS can
maximally be decreased to 0° (horizontal sacral endplate),
an individual with a PI of 70° could potentially retrovert
their pelvis to a maximum of 70° in PT (70=70+0). This
would in term mean full hip extension, and to further
compensate for sagittal imbalance, other mechanisms
need to be used.
Knee flexion
At maximum retroversion of the pelvis, further correction
of sagittal balance will involve flexion of the knees and
dorsiflexion of the ankles (Figure 5) [47,49,50]. Both
pelvic retroversion and knee flexion increases muscle
activity and, more importantly, impairs walking[46,51].
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Figure 5. Flexion of the knees as a last resort of
compensation for sagittal imbalance.

Treatment
Identifying patients in need of surgical treatment for ASD is complex, and involves radiographic
imaging (long sagittal and coronal films in standing position with knees fully extended) in
addition to a full clinical assessment[12]. Non-operative treatment is often used initially and
involves physical therapy, training and pain medication [52,53]. Bracing does not effectively
prevent curve progression and is therefore seldom used as a treatment modality of ASD[53,54].
It is now well established that surgical treatment can significantly benefit appropriately selected
patients with ASD compared to non-operative treatment[52,55–61]. However, the often
challenging decision to perform surgery for ASD is accompanied by an equally complex
decision making and surgical planning of type of correction, number of levels for instrumented
fusion and use of spinal osteotomies[20,43,52,62].
Complications and Adverse events
As operative techniques for ASD is in constant evolvement, surgeons are able to correct even
more severe deformities. Invasive procedures are often related to a certain risk of complications,
and with procedures as extensive as ASD surgery, this risk is especially considerable. A recent
systematic review by Sciubba et al. revealed an overall complication rate of 55% in 3,299
patients undergoing ASD surgery. Prospective studies have reported even higher rates of
perioperative adverse events [63,64]. Although most of these complications are minor, rarely
requiring further intervention, the risk of mechanical complications, such as pseudoarthrosis with
consequent rod breakage and proximal junctional kyphosis (PJK), is also significant. Previous
studies have reported the risk of revision surgery due to mechanical failure up to 30% within two
years of surgery [16,65–67]. Therefore, understanding sagittal imbalance, how to correct it and
identifying models to predict mechanical failure is of grave importance.
Classification systems
Attempts to classify disease was first implemented in the 18th century and classification of
sagittal spine deformity has only been introduced in recent decades[68]. These were developed
to understand sagittal balance, to subcategorize patients based on the degree of imbalance, to
recognize differences in individual spinopelvic morphology and to set targets for surgical
treatment. In addition, classification systems provide effective tools for communication and
comparison in both clinical and academic settings. In a series of studies, Barrey et al. recognized
that sagittal imbalance can be compensated for – to an extent[69–71]. Based on the C7 plumb
line and degree of PT, patients were categorized as balanced, balanced through compensation or
15

imbalanced. Lafage et al. found that pelvic retroversion was correlated to poor health-related
quality of life (HRQOL)[46]. Legaye et al. suggested a relationship between spinopelvic
parameters and the degree of lumbar lordosis (LL). Boulay et al. later proposed an equation for
predicting LL based on PI and this has since been established and expressed as PI-LL[20,22,72].
These observations lead to a series of classifications aiming to classify the adult sagittal spine in
relation to ASD.
The Roussouly Classification
Roussouly et al. recognized that the sagittal shape of the spine presents with some variation
between individuals[73]. The authors established a system to classify this normal variation as
one of four types. Recently, a fifth type was added[74]. Figure 6 illustrates these five types. Type
1 and 2 are characterized by a small PI and consequent small SS. The apex of the LL is located
caudally in Type 1 creating a short lordosis. Whilst Type 2 has a slightly more cranial location of
the apex, and a higher inflection point, in terms producing a flat lordosis and overall flat spine.
The Type 3 spine has larger PI and SS with subsequent prominent lordosis. Type 4 is also
determined by a high-grade PI in combination with the largest SS (>45°) and most prominent
and longest lordosis. The intermediate type, Type 3 anteverted pelvis (3AP), was later added,
and characterized by a large SS despite a small PI, producing this anteverted pelvis.
Scoliosis Research Society-Schwab (SRS-Schwab) Adult Spinal Deformity Classification
By analyzing multiple radiographic parameters, the SRS-Schwab classification system was
proposed based on the four parameters most correlated to HRQOL measures. Three of these are
measured in the sagittal spine: PI-LL within 10°; SVA less than 4 cm; and PT under 20°[75].
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Figure 6. The Roussouly Classification´s five main spine types. Type 1 and 2 are characterized by a small sacral slope
(SS) and small pelvic incidence (PI). Type 3 and 4 have large SS and PI. In Type 3 anteverted pelvis (3-AP), the pelvis is
shifted forward generating a large SS despite a small PI.

Global Alignment and Proportion (GAP) score
Although surgical correction of ASD can be beneficial in select cases, the risk of complications
is considerable [76,77] and up to 30% of patients are at risk of revision surgery due to
mechanical failure [16,65–67]. As the SRS-Schwab system was developed in relation to HRQOL
measures, and not in correlation to the risk of complications, the European Spine Study Group
recently proposed the GAP score[78]. The GAP score comprises four parameters based on pelvic
incidence and overall sagittal balance, in addition to a category for age. The authors developed a
scoring system based on these parameters and validated the score in a second sample of patients
with ASD. They found a substantial positive correlation between increasing GAP score and the
risk of revision surgery due to mechanical failure.
Reproducibility
As classification systems emerge, determining validity and reproducibility is essential. In the
field of deformity surgery, there is a general acceptance of a measurement error of ±5° for
radiographic parameters. Although, this is based on studies of the coronal Cobb angle, and a
recent review revealed that this assumed error is not well founded[79]. The following section
will aim to explain the terminology and describe methods for determining reproducibility. In
general, reproducibility is an umbrella-term for reliability and agreement[80].
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Reliability
Reliability describes the variability of measuring a parameter in a single subject compared to that
of the entire sample. Therefore, reliability coefficients, such as the Intraclass Correlation
Coefficient (ICC), describe a measurement method´s (or instrument) ability to distinguish
between individuals [80–82]. Consequently, reliability does not describe measurement error.
Common statistical methods for describing reliability are ICC (numeric parameters) and Kappa
(κ, categorical parameters).
Agreement
Agreement describes the measurement error in repeated measurements of a parameter of interest.
Therefore, agreement estimates the precision of any single measurement[80,82], and aids in
differentiating between real clinical change from irrelevant fluctuations[83,84]. The standard
error of measurement (SEM) or Bland and Altman´s limits of agreement (LOA) are often used
for this purpose when assessing numeric parameters [85]. For categorical variables, crude
percentages of agreement are often used.
Example
Kottner et al. used the example of rating medical students[81]. All observers rated the students as
“excellent” and the agreement score would therefore be perfect between raters. The reliability
score would be close to zero, as there is no variability and therefore no way to distinguish
between individuals.
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Objectives and hypotheses
As scientific studies are performed, and before applying the conclusion, results need to be
validated outside the context of the original study[86]. This is referred to as the external validity
and entails the extent to which a study conclusion can be generalized to other situations.
This PhD-thesis aimed to determine the reproducibility of the Roussouly Classification system
and the commonly used radiographic spinopelvic parameters PI, PT and SS in patients with
ASD. In addition, we aimed to validate the recently published GAP-score in a Danish population
of patients undergoing surgical treatment for ASD. To address these issues, we performed a
reproducibility study of radiographic parameters and a validation study of the GAP score.
Study I: Roussouly Classification
To provide estimates of inter- and intra-rater agreement and reliability of the Roussouly
Classification system in patients referred for ASD.
We hypothesized that the reproducibility would be comparable to estimates of the SRS-Schwab
Classification system. As a secondary outcome, we aimed to estimate the distribution of spine
types in this study population.
Study II: Spinopelvic parameters
To provide estimates of inter- and intra-rater agreement and reliability of the commonly used
sagittal radiographic parameters SVA, PI, PT and SS in patients referred for ASD.
We hypothesized that the measurement error would be greater than previously assumed.
Study III: GAP-score
To validate the GAP-score in a single-center cohort of patients undergoing ASD surgery.
We hypothesized that postoperative GAP score and categories would be correlated to
postoperative mechanical failure and revision surgery as reported in the original study[78].
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Methods
A detailed description of each study´s design is provided in the manuscripts accompanying this
thesis as Appendices. The overall methodological considerations are described below.
Overall study design
The typical ASD patient is diagnosed at a secondary institute following referral by the patient´s
general practitioner (family practitioner). Following diagnosis at the secondary institute, patients
are referred to our tertiary institution for evaluation of possible surgical treatment. Our institution
serves a population of approximately 2.5 million citizens.
For Studies I and II, objectives did not concern intervention or estimates of effects. Therefore,
these studies were conducted as cross-sectional reproducibility studies of patients referred to our
institution for ASD assessment. Studies I and II were performed in combination based on the
same patient sample and radiographic measurements. Study III was performed as a retrospective
validation study of a recently published predictor of mechanical failure in patients undergoing
ASD surgery.
Patient inclusion
Study I-II
All patients referred for evaluation of ASD surgery at our tertiary institution were assessed for
inclusion from August 1, 2013 to March 31, 2014. As these studies aimed to assess specific
radiographic measurements, certain inclusion and exclusion criteria had to be met. Inclusion
criteria were ≥18 years of age and availability of sufficient radiographs. This was defined as
long, standing, whole-spine radiographs taken as “fists-on-clavicles” both in the anterior and
lateral plane, and including the C7 to L5 vertebra, sacral endplate and both femoral heads.
Exclusion criteria were: previous instrumentation, vertebral fracture or neuromuscular disease.
Study III
In study II, all patients undergoing ASD surgery from January 1, 2013 to December 31, 2015
were screened for inclusion. Inclusion criteria were age of 18 years or older and sufficient
radiographs (defined as previously mentioned) taken preoperatively, postoperatively and at
follow-ups 3 months, 1 year and 2 years after surgery. Consequently, patients with less than 220

year follow-up were excluded. The patient sample was not exclusive to index procedures, and
thus, both primary and revision procedures were included.
Data collection
Clinical data, including demographics were obtained using electronic medical records. For
Studies I and II, this was limited to age and sex, in addition to radiographic parameters which
were measured on radiographic images. In Study III, further data were gathered including patient
characteristics and postoperative information regarding mechanical complications and secondary
unplanned surgeries (revision).
Radiographic measurements
All radiographs were obtained using the Digital Imaging and Communications in Medicine
(DICOM) format in the Radiology Information System and Picture Archiving and
Communications System IMPAX 6® (Agfa Healthcare NV, Mortsel, Belgium). Images were
then transferred to the image management system KEOPS® (SMAIO, Lyon, France). This
system is used for all radiographic measurement of patients with ASD at our institution. After
identifying key radiographic landmarks, including center of femoral heads, sacral endplate and
vertebral bodies from L5-C7, the software then generated a computerized model of the spine.
After manual adjustments of this model by the clinician, the software then calculates the
radiographic parameters including the Roussouly spine type. Again, this is the standard clinical
method for estimating radiographic parameters at our institution. For the GAP score and
category used in study III, the principal investigator calculated each specified radiographic
parameter based on the parameters provided by the KEOPS® software, in accordance to the
original paper[78].
Reproducibility measurements
In Studies I and II, reproducibility was assessed in a test-re-test setting by four raters in blinded
fashion. Detailed description of the methodology is provided in the accompanying manuscripts.
Outcomes
In Studies I and II, the primary outcomes were radiographic measurements, and no further
outcomes were recorded. In study III, the main outcome was defined as revision surgery within 2
years of index surgery due to a mechanical failure, defined as: proximal junctional kyphosis
(PJK), proximal junctional failure, distal junctional failure, rod breakage or “other”. We further
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defined PJK as ≥10° increase in kyphosis angle measured between the uppermost instrumented
vertebra (UIV) and the upper endplate of the vertebra 2 levels above UIV (UIV+2)[87]. The
increase in angle was in comparison to the radiograph taken immediately postoperatively.
Proximal junctional failure was defined in accordance to Hart et al. [87] as PJK in combination
with either: fracture of the UIV or UIV+1, instrumentation pullout at UIV or posterior
osteoligamenteous disruption. Secondary outcome was mechanical failure within 2 years of
index procedure regardless of subsequent revision surgery.
Statistics
Demographic data
Distribution of data was assessed using histograms. Data were reported as proportions (%),
means with standard deviations (SD), or medians with interquartile ranges (IQR). The Student´s
t-test was used to compare numeric Gaussian distributed data, and the Wilcoxon signed-rank test
for non-Gaussian data. When comparing categorical data, the Pearson χ2 test of independence of
trend was used unless the expected frequency was below 5 for 20% of compared groups, in
which case the Fisher exact test was used.
Reproducibility: categorical parameters
For assessing reliability, Fleiss Kappa values were calculated for variables measured by more
than two raters [1,80,88]. When the number of compared raters were two, Cohens Kappa was
used [1,88,89]. The calculated kappa coefficients were then classified in accordance to Landis
and Koch as slight (≤0.2), fair (>0.2-0.4), moderate (>0.4-0.6), substantial (>0.6-0.8) or almost
perfect reliability (>0.8)[90]. Two-tailed Z-tests were used to compare individual intra-rater
reliability. We used the Bhapkar test of marginal homogeneity to assess differences in
distribution of categories between raters. Agreement was reported using crude percentages.
Reproducibility: numerical parameters
ICCs were used to assess reliability of numeric parameters. We used ICCA,1 for both intra- and
interrater reliability[91–93]. ICCs were classified as poor (<0.5), moderate (0.5-0.75), good
(>0.75-0.9) or excellent (>0.9)[91,94]. Agreement was reported using the SEM and 95%
LOA[85,95]. The SEM and 95% LOA were derived from variances calculated using a linear
mixed effects model [83,85,96]. A more detailed description for calculating the SEM and 95%
LOA is presented in Appendix 4.
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Association to outcome
In Study III, the area under the curve (AUC) was calculated using receiver operating
characteristics (ROC) curves when assessing the diagnostic accuracy of the GAP score in
predicting postoperative outcome. The diagnostic accuracy was further classified based on the
AUC as: no or low power (0.5-0.7), moderate power (0.7-0.9) or high power (≥0.9). When
assessing GAP categories for association to outcome, the Cochrane-Armitage test of trend was
used and reported as odd ratios (OR) with 95% confidence intervals (CI). As a secondary
assessment, both GAP score and categories were analyzed for association to outcome using
logistic regression.
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Results
The following section contains a summary of each study.
Study I
Objective
To assess the reproducibility of the Roussouly Classification in patients referred for ASD
evaluation.
Summary of results
Sixty-four patients were included with a median age of 46 (IQR 23-63), 30% of patients had an
SVA of more than 5 cm and almost 70% had a PI-LL mismatch. All 64 patients were rated twice
by four spine surgeons with different levels of experience. Interrater reliability was moderate
(κ=0.60) and intrarater reliability was substantial (κ=0.68). There was a tendency towards higher
intrarater reliability with rater experience. In terms of agreement, the same spine type was
assigned in both readings by the same rater in 76% (range: 67%-83%). Interrater agreement,
assessed as the same spine type assigned by all 4 raters, was 47%. Figure 7 illustrates the
distribution of spine types across all readings.
Main finding
I.

Moderate interrater and substantial intrarater reliability when using the Roussouly
Classification.

24

Figure 7. Distribution of Roussouly types across four raters and two readings. The x-axis indicates the rater followed by the
reading, i.e. the first column details rater 1´s first reading, the second column rater 1´s second reading and so on.
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Study II
Objective
The aim of this study was to assess the degree of measurement error of commonly used sagittal
radiographic parameters.
Summary of results
We identified 64 patients referred for ASD treatment. Four spine surgeons measured PI, SS, PT
and SVA in all patients twice, with a 14-day delay between readings. Reliability was assessed
using ICCs and classified as “excellent” (ICC<0.9) for all parameters (Table 1). Except interrater
reliability of PI (ICC=0.89, classified as “good”). Agreement was assessed using the 95% LOA,
and the measurement error was found to be greater than previously assumed (Table 2). In
addition, we found that the apparent measurement error was larger for parameters depending on
the slope of sacral endplate (PI and SS) compared to parameters depending of its position (PT
and SVA).
Main findings
II.

The measurement error of spinopelvic parameters was greater than previously assumed.

III.

The measurement error PI and SS were noticeably larger than that for PT.

IV.

Measurement error was considerable despite excellent reliability.
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Table 1. Assessment of reliability using intraclass correlation coefficients (ICC). Reliability was classified as “excellent” for
assessed parameters (ICC≥0.90) except for inter-rater reliability of pelvic incidence (0.89).

Table 2. Measurement precision measured as 95% Limits of Agreement (LOA) for commonly used radiographic parameters.
Data indicate the precision of a single measurement compared to the hypothetical true measurement.
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Study III
Objective
To validate the GAP-score in a sample outside of the original cohort.
Primary outcome
Postoperative mechanical failure leading to revision surgery within two years of index surgery.
Secondary outcome
Any mechanical failure within two years of index surgery.
Summary of results
We retrospectively included 149 patients undergoing ASD surgery at a single tertiary institution.
All patients were followed for two years after surgery and medical records were used to obtain
events of mechanical failure and revision surgery. Mechanical failure occurred in 51% of cases,
and in 31% patients, revision surgery was performed due to mechanical failure. The AUC using
ROC curves showed “no or low discriminatory power” of the GAP score in predicting
mechanical failure with or without subsequent revision (AUC = 0.50 and 0.49) (Figure 8). We
found no significant correlation between GAP categories and either of the measured outcomes (p
= 0.28 and 0.58). In addition, secondary analyses using logistic regression was similarly without
significant association.
Main findings
V.
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GAP score and categories did not predict mechanical failure after ASD surgery.

Figure 8. Receiver operating
characteristic (ROC) curves of
the Global Alignment and
Proportion (GAP) score in
relation to either outcome.
“Mechanical failure” indicates
mechanical failure within two
years of index surgery. “Revision
surgery”
indicates
revision
surgery due to mechanical failure
within two years of index
surgery. The diagnostic accuracy
of the GAP score was classified
as “no or low power” for both
outcomes.
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Discussion
The Roussouly Classification
The classification system was developed in an attempt to describe the normal variation in sagittal
spine shape[73]. Mechanical complications remain a considerable risk following ASD surgery,
and researchers are attempting to establish methods of reducing this risk, including
individualized radiographic targets[67]. Naturally, part of the solution to this must be found in
the fact that there are normal variations in the shape of human spine, and the Roussouly
Classification may well play a considerable role. To the best of our knowledge, the study
presented in this thesis (Study I) is the first to assess the reproducibility of the Roussouly
Classification. We found moderate inter-rater and substantial intrarater reliability. The only
previously well-established classification system used in ASD patients is the SRS-Schwab
Classification, and results were therefore compared to the reproducibility reported for this system
in three previous studies. Schwab et al. who developed the system also aimed to validate it[75].
In their study, 21 cases were selected to represent the distribution of classification grades.
Radiographs were pre-marked for landmarks and then presented to 9 raters. They reported
substantial inter-rater reliability, almost perfect intra-rater reliability and 88% crude intra-rater
agreement. The inter-rater agreement was not reported. By using pre-marked radiographs and
selecting patients for an even distribution of categories could easily produce artificially high
reliability. A second study was published by Liu et al. of 102 ASD patients[97]. Radiographs
were not pre-marked in their study, although exclusion criteria were not given. They found
substantial inter-rater reliability, almost perfect intra-rater reliability and 42% crude inter-rater
agreement. No intra-rater agreement was given. In neither of these two studies, trait prevalence
or rater-bias was reported. Evenly distributed trait prevalence between categories and large
differences in distribution between raters tends to produce higher reliability[98]. In a third study,
Hallager et al reported moderate inter-rater and substantial intra-rater reliability in addition to
39% crude inter-rater and 70% crude intra-rater agreement[99]. In their study, radiographs were
not pre-marked, and the selection process of patients was fully disclosed, without any active
selection of patients. Rater bias and trait prevalence was given, thus producing the study with a
method most comparable to the study presented in this thesis. Results of reliability and
agreement were similar to the reliability found in our study.
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Measurement accuracy of sagittal radiographic parameters
Measurement precision
The aim of study II was to assess the measurement error of commonly used parameters on
sagittal radiographs of ASD patients, and to compare the results to the previously assumed ±5°.
We therefore used the 95% LOA, as opposed to reliability measures, to assess the measurement
error[80–82]. The 95% LOA is to be interpreted as a 95% confidence interval of the difference
between two individual measurements. A degree of error will always be present in measurements
of continuous variables [100]. Accordingly, it will affect the reading of single and repeated
measures [96] which often is of interest when treating patients with ASD. We found 95% LOA
of ±4° to ±13° for parameters measured as angles and approximately ±6 mm for SVA which is
measured as a distance (Table 2). At the time this study was conducted, no previous study had
reported the measurement accuracy of these radiographic parameters in patients with ASD using
agreement parameters. However, previous studies had attempted to describe the reproducibility
through other methods. Aubin et al. used 6 realistic spine prototypes as “gold standard”
compared to radiographic measurements and reported agreement as the standard deviation (SD)
of mean difference[101]. However, using the SD of mean difference fails to take into account a
large part of the error and tends to underestimate the measurement error[85,100]. In a study by
Lafage et al. radiographs were pre-marked for specific landmarks before presenting the images
to the raters[102]. Results can therefore be interpreted as the accuracy of the radiographic
software’s ability to calculate the parameters, based on the markings, and not the accuracy of
radiographic measurement. Finally, several additional studies have assessed the reproducibility
of these spinopelvic parameters; although, none have adhered to the methods for agreement
assessment suggested by Bland and Altman in combination with being performed on patients
with ASD[80,83,85,95,103–105].
Recently, and after submission of our study, Kyrölä et al. published their paper assessing the
reproducibility of the same radiographic parameters[106]. Their study was performed on 49
patients referred due to thoracolumbar complaints. Only 8 patients (16%) were classified as
having a structural deformity (scoliosis, kyphosis, spondylolysis or spondylolisthesis) as opposed
to our study, where all patients were referred for ASD evaluation. They reported the SEM as an
assessment of agreement, as also presented in our study. The SEM is easily compared between
studies as the SEMagreement takes into account the systematic difference between raters (Appendix
4). Furthermore, as SEM was calculated using the same method as in our study, in addition to the
given repeatability coefficient (RC), the 95% LOA can be derived[104]. Table 4 details the
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comparison of these estimates and results were similar to our study. Kyrölä et al. found greater
measurement error for most parameters, except for intra-rater agreement of PI and SS.

Table 3. Comparison of agreement assessment using 95% Limits of Agreement (LOA). Results from the study by Kyrölä
et al. was calculated as ± the repeatability coefficient and derived as the mean of both readings for inter-rater agreement
and mean of all three raters for intra-rater agreement. Results were similar.

Importance of sacral endplate slope
In relation to PI and SS, the observed measurement error was profoundly larger than the
previously assumed ±5°. PI and SS are parameters depending on the slope of the sacral endplate,
as opposed to PT which merely depends on the endplates position (Figure 3). This difference in
measurement method could explain the observed difference in measurement error when
comparing PI and SS to the measurement error of PT. Pernaa et al. found similar results in
patients following hip arthroplasty[107] as did Kyrölä et al[106]. When looking more closely at
our own results, we found that in cases with large measurement difference between raters, the
difference was often due to disagreement in selecting the sacral endplate. This yielded up to 30°
difference between measurements of PI and SS while PT was only marginally different. The
sacral endplate can be difficult to distinguish in patients with ASD due to degenerative changes
and deformity. These findings therefore highlight an unrecognized challenge in radiographic
assessment of ASD.
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Agreement describes measurement precision
In the reproducibility study of spinopelvic parameters by Kyrölä et al. [106], the authors reported
“excellent” reliability despite considerable measurement error —consistent with our results. This
further underlines the importance of choosing the correct statistical method in reproducibility
studies.
Predicting mechanical failure using the GAP-score
The seminal work of the European Spine Study Group demonstrated promising results using the
GAP score and category to predict mechanical failure in 74 patients following ASD surgery[78].
Despite multiple statistical analyses, we were not able to validate the initial findings in our
sample of 149 ASD patients. There are numerous possible explanations for this discrepancy.
First and foremost, all medical research is susceptible to type I errors, and rejection of the null
hypothesis cannot with 100% certainty be true. In addition, a certain amount of bias need to be
calculated for as the authors validated a model which they themselves developed. Therefore,
external validation is necessary before clinical implementation. Consequently, Jacobs et al. [108]
recently published their study comparing the predictability of the GAP score vs the SRS-Schwab
Classification in 39 patients with ASD. They found that the GAP score was significantly
correlated to postoperative mechanical failure, and significantly better than the SRS-Schwab
classification. At a closer look at the original study by Yilgor et al., out of 548 eligible patients,
only 222 met 2-year follow-up criteria, resulting in an eligibility of merely 40%. Of these 222
patients, 74 comprised the validation cohort. The surgical outcome of the remaining 326 (60%)
patients are unknown, and the risk of treatment-by-condition needs to be considered. In
comparison, the eligibility in our study was 80% (149 out of 186), whereas Jacobs et al. did not
disclose their exclusion process. The sample presented in our study was almost four times larger,
and the inclusion period was 3 years in comparison to 11 years in the study by Jacobs et al. All
three studies used the same definition for mechanical complications. A second common trait was
the retrospective nature. Two out of three of these studies demonstrated a positive correlation
between the GAP score and postoperative mechanical failure. Therefore, the results of our study
may well be due to a type II error (false negative). In search for the true answer to this question,
further studies are highly warranted, preferably in prospective cohorts.
A second explanation for the discrepancy could be explained by a missing aspect, or element, of
the GAP score. Previous studies have demonstrated that mechanical complications following
ASD surgery can be described to a myriad of factors: PT, sex, magnitude of thoracic kyphosis,
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degree of correction, number of instrumented vertebra, ending instrumentation at the sacrum,
obesity, osteoporosis, surgical technique and muscle volume among other factors have been
association to the risk of failure[67,109–114]. As discussed in previous sections of this thesis, the
PT in particular is a direct estimate of compensation for sagittal imbalance. Jacobs et al.
demonstrated that the Relative Pelvic Version, a subcategory of the GAP-score, showed similar
properties and predictability of mechanical failure as the pelvic tilt modifier used in SRS-Schwab
Classification. Finally, the samples presented in the original validation study and the study
presented in this thesis, differed in an aspect: the percentage of patients undergoing revision
surgery due to mechanical complications were higher in our study, as was the proportion of
patients with a history of previous spine surgery. Regardless of demographic and outcome
discrepancy, a model for accurately predicting mechanical failure should be applicable to all
ASD patients. Whether or not the GAP-score is the true solution remains to be answered.
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Limitations
There are important limitations to the three presented studies. The inclusion process in all three
studies is susceptible to selection bias, and most noticeable in studies I and II, due to the large
number of excluded patients, indicating low external validity. Most exclusions were ascribed
insufficient radiographs (not including either femoral heads or C7). Our institution has since
implemented protocols to reduce this rate, in collaboration with the local radiology department,
leading to very few ASD radiographs taken insufficiently today. In addition, all radiographic
measurements were performed using image management software. This particular system
requires the rater (or surgeon) to identify all anatomical parts of the spine necessary for
calculations of the radiographic parameters. The system then measures the angles and distances
based on the given algorithms for radiographic parameters (Figures 1, 2 and 5). This method of
measuring radiographic parameters, therefore, excludes a certain aspect of potential error – i.e.
once all landmarks and anatomical parts of the spine has been identified, no further measurement
error can occur (e.g. the rater cannot measure PI in an incorrect manner). This is what is
sometimes referred to as a “semi-automatic” system, in comparison to imaging systems where
the rater uses a measuring tool to calculate the angle between two lines. The software system
used in these studies is standard of care, at our institution, and used in all radiographic
assessment of ASD patients, including preoperative diagnostics, surgical planning and
postoperative evaluation of results. Nonetheless, the external validity can be questioned, as other
institutions may have to calculate for an additional step with potentially added measurement
error. Previous studies report that the use of dedicated software was related to greater reliability
compared to a standard picture archiving and communication (PACS) system[102,115]. This is
particularly relevant for study I. In study II, the potential extra error only adds to the conclusion:
the extent of measurement error may well be even greater when performing manual radiographic
measurements. Keeping with the methodology of study II, the study was performed as a post-hoc
study. Therefore, no power calculation was performed and results should be interpreted with
caution. Despite limitations to this method, our findings nevertheless suggest that radiographic
measurements of ASD patients are less accurate than previously assumed.
Turning to the third paper of this thesis, the aim was to validate the GAP score in an external
patient sample. The score was validated as whole in addition to the four subcategories. However,
the GAP score is comprised of five sub-elements, each contributing to the final total score. These
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sub-elements were not evaluated individually. As patient characteristics in our study differed
slightly from the original patient sample, further analysis of the sub-elements of the GAP score
might have revealed correlation to the outcomes of interest. In addition, the retrospective nature
of our study, allows for selection bias in addition to exclusion of 20% of eligible patients due to
insufficient radiographs or missing 2-year follow up.
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Perspectives and future research
With accelerated advances in surgical techniques and implant technology, combined with a
demographic shift seen in most developed countries[116,117], an increased demand for ASD
surgery is to be expected[5,118,119]. Also, the progression in anesthetic and medical treatment
allow for surgical treatment of patients previously deemed unfit to undergo major
surgery[60,120–124]. A recent Danish nationwide database study showed an increased 2-year
revision risk following ASD surgery from 2006 to 2011, with a slight decrease in recent
years[125]. Although this trend has not been validated in other studies, the risk of complications,
including revision surgery, continues to be significant[12,16,17,64,67,126].
Fixed alignment targets
Targets for surgical treatment has previously been regarded as a “one-size-fits-all”, i.e. a specific
set of radiographic parameters are regarded as “normal” and to be aimed for when performing
surgical correction of deformity. Recent studies have recognized flaws in this assumption as the
morphologic parameter PI seem to play a significant role in tailoring individual surgical
targets[18,78,127–130]. By focusing attention to the variation in spine shape in normal
individuals, the Roussouly classification was developed. This system may well play an important
role in surgical planning and evaluation of patients with spinal deformity[131], although further
studies assessing the effect of implementing this system and the effect on outcome is most
needed. Our institution is currently involved in multicenter study, a retrospective and a
prospective study investigating this precise effect, and preliminary results were presented at the
Scoliosis Research Society´s annual meeting in 2018.
Potential individuals not fitting the model
As a system for individual alignment targets is still to be established, a recent study by Ferrero et
al, found that a proportion of patients with ASD and sagittal imbalance were not able to
compensate through pelvic retroversion[132]. The authors suggested unknown neuromuscular or
hip pathology as potential causes to this phenomenon, and further investigation into this matter is
needed.
The aging spine
Degenerative processes occurring with increasing age is known to effect sagittal balance and the
occurrence of spinal deformity[26,43,133] Although, studies have suggested that partial sagittal
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imbalance may be part of normal ageing, and correction of this imbalance may be poorly
received[48,134–136]. The effect of age, and its role in both sagittal balance and correction of
deformity might not be fully understood, and has to be addressed completely before
implementing a model for radiographic targets of ASD surgery[137].

Enhanced recovery after surgery
The cost of surgery for ASD is noteworthy and, with technological advances, increasing[138–
141]. In addition, potential revision procedures adds to this cost, and the effectiveness of ASD
surgery has to be evaluated with the ever increasing overall expenditure of worldwide
healthcare[142]. Reducing costs has become a significant focus, and implementation of enhanced
recovery after surgery (ERAS) principles has resulted in major improvements in clinical
outcomes and reduction in cost in other surgical fields[143–145]. In the field of spine surgery,
most studies have reported ERAS implementation in minimal invasive surgery, and few clinical
studies have reported the effect in major spine surgery such as ASD surgery[146–152]. Clinical
studies evaluating the effect of full implementation of ERAS principles in ASD surgery is still to
be published.
Gait, functional tests and paravertebral muscles
Why certain individuals are able to compensate for progressive spinal malalignment and others
are not, remain to be fully understood. Gait and motion analysis could provide important
information in comparison, and addition, to static radiographic parameters[153–156]. Physical
activity trackers has also been suggested as means of evaluating outcome[157]. By equipping
patients with activity trackers, real-time data of activeness may provide important information in
assessing severity of deformity and effect of surgery. A sudden decrease in activity could be
interpreted as symptoms of mechanical or neurologic complications, allowing earlier
intervention than possible today. Finally, spinal musculature is an essential factor in keeping an
upright posture. The characteristic, type and extent of muscle volume loss and fat infiltration has
been proposed as factors related to skeletal muscle degeneration[158,159]. Recent studies have
suggested this fat infiltration to be different in spinal erectors compared to other muscle groups,
and that it may be related to sagittal spinal imbalance[160–162].
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Concluding remarks
Radiographic measurements are crucial in ASD assessment. In this thesis, we present three
papers of radiographic parameters in patients with ASD. Firstly, the reproducibility of the
Roussouly Classification was estimated. We found moderate to substantial reliability. Secondly,
we assessed single, commonly used radiographic parameters and found greater measurement
error than previously assumed. In addition, parameters depending on the angulation of the sacral
endplate were associated with the greatest measurement error. Finally, the recently published
GAP score was assessed for external validity in predicting mechanical failure after ASD surgery.
We found no correlation between the GAP score and mechanical failure – with or without
subsequent revision surgery.
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Abstract
Study Design: Reproducibility study of a classification system.
Objectives: To provide the inter- and intrarater reproducibility of the Roussouly Classification System in a single-center prospective cohort
of patients referred for Adult Spinal Deformity.
Summary of Background Data: The Roussouly Classification System was developed to describe the variation in sagittal spine shape in
normal individuals. A recent study suggests that patients’ spine types could influence the outcome following spinal surgery. The utility of a
classification system depends largely on its reproducibility.
Methods: Sixty-four consecutive patients were included in a blinded test-retest setting using digital radiographs. All ratings were performed by four spine surgeons with different levels of experience. There was a 14-day interval between the two reading sessions. Inter- and
intrarater reproducibility was calculated using Fleiss Kappa and crude agreement percentages.
Results: We found moderate interrater (k 5 0.60) and substantial intrarater (k 5 0.68) reproducibility. All 4 raters agreed on the Roussouly
type in 47% of the cases. The most experienced rater had significantly higher intrarater reliability compared to the least experienced rater (k
5 0.57 vs 0.78). The two most experienced raters also had the highest crude agreement percentage (75%); however, they also had a
significant difference in distribution of spine types.
Conclusion: The current study presents moderate interrater and substantial intrarater reliability of the Roussouly Classification System.
These findings are acceptable and comparable to previous results of reproducibility for a classification system in patients with Adult Spinal
Deformity. Additional studies are requested to validate these findings as well as to further investigate the impact of the classification system
on outcome following surgery.
Ó 2018 Scoliosis Research Society. All rights reserved.
Keywords: Roussouly; Classification; Reproducibility of results; Observer variation; Spine; Adult; Scoliosis; Kyphosis; Sagittal alignment

Introduction
The variation in sagittal spinal shape among healthy
young adults has been described by Roussouly et al. [1], who
found that the sagittal profile of the spine was related to the
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orientation of the pelvis. As the sacral slope (SS) increases,
so does the lower arc of lordosis as well as the global
lordosis. Through this observation, four types of spinal types
were observed, and recently, two additional types were
added, resulting in the Roussouly Classification System
consisting of 6 types [2]. The five main types are illustrated
in Figure 1, and all types are defined in Table 1. Type 1 and
Type 2 are characterized by having a low-grade SS and lowgrade pelvic incidence (PI) and differ from each other by the
number of lordotic vertebrae. Type 3 has a high-grade SS
and high-grade PI whereas Type 4 is defined as the type with
largest SS in combination with a high grade PI. Type 3
anteverted pelvis (Type 3AP) is identified by its high-grade

2212-134X/$ - see front matter Ó 2018 Scoliosis Research Society. All rights reserved.
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Fig. 1. The Roussouly Classification System. The figure illustrates the five main spine types. To the left are the types with low-grade sacral slope (SS) and
low-grade pelvic incidence (PI). The types to the right are defined as having high-grade SS and high-grade PI. Type 3 Anteverted Pelvis (3AP) is seen in
between with a high-grade SS and a low-grade PI. With permission from Mr. Philippe Roussouly (CEO SMAIO, Lyon, France).

Table 1
Definition of Roussouly classification types.
Roussouly type

First criterion

Second criterion

Type 1
Type 2
Type 3
Type 3 AP
Type 4
Kyphosis

SS !35
SS !35
35 <SS !45
35 <SS !45
SS >45
No lumbar lordosis

<3 lordotic vertebrates
O3 lordotic vertebrates
PI !50  or PT !5 
No lumbar lordosis

AP, anteverted pelvis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral
slope.

SS in contrast to a low-grade PI. These spine types have been
suggested to influence the outcome of spinal surgery [3]. To
our knowledge, however, no previous study has investigated
the reproducibility of this classification. Because the classification system might be useful as a tool for the evaluation of
and individualizing the treatment for ASD, a reproducibility
study is necessary to test its usefulness.
The aim of the current study was to provide estimates
of the inter- and intrarater reproducibility of the Roussouly Classification System in a population of patients
with ASD.
Material and Methods
We performed a reproducibility study on a singlecenter cohort of patients with ASD. Approval from the
local data protection agency and patient safety authority
was obtained (jr.nr. 2012-58-0004 and jr.nr: 3-3013-1980/
1). All patients referred for evaluation of ASD at our
tertiary institution for spine surgery between August 1,
2013, and March 30, 2014, were assessed for inclusion.

The inclusion criteria were as follows: referral for ASD,
age >18 years, and sufficient radiographs. Sufficient radiographs were defined as follows: standing images in
both the lateral and anteroposterior plane, including both
femoral heads and visible vertebrae from C7eS1 on the
lateral images. Patients were standing with ‘‘fists-onclavicles’’ [4]. Patients were excluded if there was a
history of previous instrumentation, spinal fracture, or
neuromuscular disease. Radiographs were acquired using
the Digital Imaging and Communications in Medicine
format from the Radiology Information System and Picture Archiving and Communications System IMPAX 6Ò
(Agfa Healthcare NV, Mortsel, Belgium). A total of 8 sets
of each patient’s radiographs were then transferred to the
online data management system KEOPSÒ (SMAIO,
Lyon, France) as unmarked digital films. Each set of radiographs was coded with a unique identification key,
thus blinding the raters from further identification of the
individual patients. Four raters performed all ratings.
They consisted of two staff specialists with one and two
years of experience in spinal surgery (Rater 1 and 2), and
two senior spine surgeons with more than 20 years of
experience, respectively (Rater 3 and 4). Each rater
identified specific points on each radiograph including
the center of femoral heads, endplate of S1, and vertebral
bodies from C7eL5. A geometric computerized model
was then generated, and the software classified each
radiograph based on the measurements according to the
Roussouly Classification System [2]. For training purposes, each rater was handed a short guide on how to use
the system and assessed 10 unique sets of radiographs.
These radiographs were not included in the subsequent
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readings. There was a 14-day delay between readings,
and the order of cases was randomized. Results are presented in accordance to the Guidelines for Reporting
Reliability and Agreement Studies [5].

Table 3
Roussouly type inter- and intrarater reliability.

Statistics

Interrater
Reading 1
Reading 2
Both
readings
combined
Intrarater
Rater 1
Rater 2
Rater 3
Rater 4
All raters
combined

All statistical analyses were performed using the language
and environment for statistical computing, R, version 3.3.3
(R Development Core Team, 2011, Vienna, Austria). The
software package kappaSize, version 1.1, was used for power
calculation before the study. With the number of raters set to
4, anticipated Kappa set to 0.80, 0.60e0.99 as two-sided
95% confidence intervals, and significance level (a) 5
0.05, a minimum of 40 cases were needed for the study. The
package irr, version 0.84, was used for calculations of interand intrarater reliability. Distribution of data was assessed by
histograms, and descriptive data were reported as proportions, mean with standard deviation (SD), or median with
interquartile range (IQR). Fleiss Kappa coefficients were
calculated for categorical variables as the number of raters
were more than two [6-8]. Cohen Kappa was used when
comparing any 2 raters [7-9]. In accordance with Landis and
Koch [10], the results of reliability (k) were classified into
slight (<0.20), fair (0.21e0.40), moderate (0.41e0.60),
substantial (0.61e0.80), and almost perfect agreement
(>0.81). Individual Cohen intrarater k coefficients for each
rater were compared using a two-tailed Z test. The Bhapkar
test for marginal homogeneity was used to test for differences in distribution between any two raters. Results were
classified as significant at p !.05. All confidence intervals
are provided as 95% confidence intervals.

Interpretation
of reliability
coefficient*

Percentage
of agreementy

0.59 (0.49e0.70)
0.60 (0.50e0.69)
0.60 (0.53e0.66)

Moderate
Moderate
Moderate

47
47
47

0.57
0.68
0.78
0.70
0.68

Moderate
Substantial
Substantial
Substantial
Substantial

67
75
83
78
76

(0.41e0.72)
(0.54e0.82)
(0.65e0.90)
(0.56e0.85)
(0.61e0.75)

*
<0.20: slight; 0.21e0.40: fair; 0.41e0.60: moderate; 0.61e0.80;
substantial; >0.81: almost perfect.
y
Percentage of cases where all 4 raters assigned the same Roussouly
Type.

Table 4
Interrater reliability and agreement comparing any two raters using Cohen
kappa (95% confidence interval) and crude agreement percentages.
Rater 1 Rater 2
Rater 1 d

Rater 2
Rater 3
*
y

Results

Fleiss kappa
coefficients (95%
Confidence intervals)

z

Rater 3

0.57*
0.58* (0.48e0.69y)
(0.47e0.68y)
67.2%
68.0% (67.2e68.8z)
z
(65.6e68.8 )
d
0.62* (0.51e0.72y)
70.3% (67.2e73.4z)
d

Rater 4
0.55* (0.44e0.66y)
66.4% (64.1e68.8z)
0.58*
68.0%
0.67*
75%

(0.48e0.69y)
(62.5e73.4z)
(0.57e0.77y)
(73.4e76.6z)

Cohen kappa.
95% confidence interval.
Range for reading 1 and 2.

A total of 803 patients were screened, of which 253 were
referred for ASD and had long-standing radiographs. In
accordance to the described criteria, a further 55 patients
were excluded because of previous spinal fractures or
neuromuscular disease. In 82 cases, both femoral heads or
the C7 vertebrate were not included or obstructed from
view because of a brace. An additional 36 doubles were
removed and 6 were excluded because of inferior image
quality. This left a total of 74 patients for analysis. Of these,
10 cases were used for training purposes, leaving 64 for
Table 2
Comparison of distribution of Roussouly types.
Laouissat et al. [12], %
Roussouly Classification System
Type 1
12
Type 2
22
Type 3
16
Type 3 AP
30
Type 4
13
Kyphosis
d
AP, anteverted pelvis.

Current study, %
13
35
19
10
21
2

Fig. 2. Venn diagram of agreement as a total of both readings. Intersections specify the number of cases where raters (1, 2, 3, and 4) agreed on
the spine type.

Downloaded for Anonymous User (n/a) at BS - University of Copenhagen from ClinicalKey.com by Elsevier on February 06, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.

T.J. Bari et al. / Spine Deformity 7 (2019) 312e318

315

Fig. 3. Distribution of Roussouly type by rater and reading. There was a significant difference in distribution of Roussouly types between Raters 3 and 4dp
5 .034 in reading 1 and p 5 .027 in reading 2.

final ratings. There were 44 (68.8%) females and 20
(31.2%) males, with a median age of 46 years (IQR 5
23e63 years). Within one year of the referral date, 15 patients (23.4%) underwent a surgical procedure. The mean
thoracic kyphosis (T1eT12) and lumbar lordosis (L1eS1)
were 57.2 (20.0) and 48.7 (23.6). Mean spinopelvic
parameters for SS, pelvic incidence (PI) and pelvic tilt (PT)

were 35.1 (14.6), 51.6 (16.5), and 16.6 (13.5),
respectively. PI-LL mismatch (PI-LL >10 or PI-LL
<10 ) was seen in 42 patients (68.8%) with a mean PILL of 1.5 (24.4). The population had a median
sagittal vertical axis (SVA) of þ1.5 cm (IQR: 1.1 to 5.8)
and 19 (29.7%) were sagittally unbalanced, with an SVA of
more than þ5 cm [11]. The most frequently occurring

Fig. 4. Fleiss kappa for each Roussouly type showed similar reliability except for ‘‘Kyphosis,’’ for which there was a large difference between inter- and
intrarater reliability.
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Roussouly type across all 8 ratings was Type 2. The least
frequent type was Kyphosis, only specified three timesdall
in the same patient (Table 2).

the higher reliability coefficients beyond rater experience [13].
Comparison to previous studies

Reproducibility
The mean interrater reliability was moderate (k 5 0.60)
and on both readings all 4 raters agreed on the same Roussouly
type in 47% cases. Mean intrarater reliability was substantial
(k 5 0.68)dranging from k 5 0.57 to k 5 0.78 between raters
(Table 3). Raters averagely assigned the same type on both
readings in 76% of the cases (range: 67% to 83%).
Rater performance
We observed a significantly higher intrarater reliability
coefficient for one of the two more experienced raters
(Rater 3) compared to the least experienced rater (Rater 1).
No other significant differences in intrarater reliability were
found for one rater compared to the others. Comparing
interrater reliability between any combination of two raters
showed the highest coefficient for the most experienced
raters (Rater 3 and 4), who averagely agreed on 75% (k 5
0.67) of cases (Table 4 and Fig. 2). The difference was,
however, not significantly different compared to the two
raters (Rater 1 and 2) with the lowest combined interrater
reliability (k 5 0.57, p 5 .09).
Rater bias
A significant difference in distribution of Roussouly
types was found between the classifications by Raters 3 and
4 on both readings (p 5 .034 and p 5 .027, respectively)
(Fig. 3). No other significant distribution differences were
observed between any two raters.
Reliability among classification categories
The most reliable classification categories were Types 1,
2, and 4, which showed substantial interrater reliability.
Type 3 and 3AP showed moderate reliability, whereas
‘‘Kyphosis’’ was only fairly reliable. Intrarater reliability
followed the same pattern except for ‘‘Kyphosis,’’ for
which substantial reliability was observed (Fig. 4).
Discussion
The current study found moderate inter- and substantial
intrarater reproducibility of the Roussouly Classification
System applied to ASD patients.
We observed a spread in intrarater reliability across the 4
raters ranging from 0.57 to 0.78 and a trends towards correlation to the experience of the surgeon. Furthermore, the
two most experienced raters (Raters 3 and 4) had the
highest rate of agreement and interrater reliability
(Table 3). However, we also observed a significant difference in distribution of Roussouly types between the two
raters. This difference in distributions could also explain

Comparing the current study with previous reproducibility studies on ASD classification systems, substantial and
almost perfect intra- and interrater reliability was reported by
Schwab et al. [14] for the Scoliosis Research
SocietyeSchwab Adult Spinal Deformity classification
(SRS-Schwab). However, readings were performed in only
21 preselected cases and on premarked radiographs. Liu et al.
[15] had similar results presenting substantial and almost
perfect inter- and intrarater reliability without reporting the
selection process for the 102 included cases. Hallager et al.
[16] also performed a reproducibility study of the SRSSchwab classification system. They founddin contrary to
the previously mentioned studiesdmoderate interrater and
substantial intrarater reliability, comparable to our results.
The latter study presented a consecutive selection process.
Additionally, radiographs were not marked in advance. We
argue that this method of performing a reproducibility study
is the most desirable, and is comparable to the current study.
However, the current study used a semiautomatic system to
classify the spine type in contrast to the previously
mentioned studies. The kappa statistics is widely used in
reproducibility studies, but certain shortcomings must be
considered. The statistics is highly sensitive to marginal
homogeneity and trait prevalence of distribution in types
[12,13]. The more even the distribution of categories, the
larger the Kappa coefficient. However contradictory, the
Kappa coefficient also becomes larger the more different the
distribution between raters. Therefore, the selection process
in reproducibility studies is crucial to the overall results of
Kappa, and selection bias could easily produce artificially
better results, as may be the case for the results of the two
initially mentioned studies [14,15]. Hallager et al. [16] performed their study under similar conditions as the present
study, and this could explain the resemblance in results.
Keeping the traits of Kappa in mind, the Roussouly types
were clearly unevenly distributed in our population as well as
in the original studies of the classifications [1,2]. Furthermore, the distribution between raters was not significantly
different except for between Raters 3 and 4. Choosing a more
evenly distributed population probably would have contributed to a higher degree of reproducibility. However, the
distribution of Roussouly types both in the normal population and in patients with ASD is most probably not evenly
distributed. Therefore, we suggest that future studies also
consist of randomly or consecutively selected cases and that
the selection process is clearly presented.
Distribution
Type 2 was clearly the predominant type across both
readings, including about a third of the patients. Laouissat
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et al. [2] described the distribution in 296 healthy adults
with Type 3 AP as the predominant type (Table 2). We
attribute the somewhat different distribution to the difference between healthy adults and ASD patients, because one
of the compensating mechanisms to sagittal imbalance is
retroversion of the pelvis, which means increasing the
pelvic tilt, and as a result of the geometric properties of the
pelvic parameters, thus reducing the SS [17]. Also the authors theorized that patients with larger PI and SS should be
able to withstand changes in alignment better than those
with smaller values [18]. Patients with larger PI and SS
would predominantly be categorized as Types 3 and 4, and
patients with small PI and SS would mainly be categorized
as Types 1 and 2. Following the earlier-mentioned theory,
the latter would be less able to compensate changes in
spinal alignment and therefore to a wider extent
seek treatment.
The current study presents a spread in reliability coefficients when comparing each Roussouly Type (Fig. 4).
Kyphosis, which had the lowest interrater kappa was also
the spine type least represented in the population as it was
only classified on three occasions for one case (Table 2).
Strengths and limitations
The strength of the current study is the consecutive onecenter design minimizing selection bias. Furthermore, the
nature of blinding the raters to others’ and previous ratings
minimized the risk of estimation bias. There was, however,
a high percentage of excluded cases due to a high rate of
insufficient radiographs. Since the period of inclusion, this
rate has declined considerably, leading to a better utility of
the current classification system at our department.
Furthermore, the current study used raters with different
levels of experience, leading to more generalizable results.
This study was performed in a relatively small sample
size, which might contribute to sampling bias. Nevertheless, power estimation was performed before the study and
the presented selection process of a consecutive cohort
contributes to minimize the risk of this type of bias.
Furthermore, all ratings in the current study took place
in unmarked digital radiographs using a semi-automatic
system. Although the reproducibility would be greater in
using premarked radiographs, we argue that the utility is
more favorable as premarked images would not be used in a
clinical setting. The use of a semiautomatic system has
previously been investigated in patients with ASD [19] as
well as in patients with a wider range of spinal pathologies
[20]. In contrast, using a fully manual method of classifying
each radiograph could negatively affect the reproducibility
as an extra layer of potential error would be introduced. In
the setting of the current study, the spine type was given by
the software once the reader had made his measurements.
This method of measurement was chosen as we argue that
software systems can easily be set for these calculations
instead of being performed by the surgeon.
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The primary objective of a classification system is to
ultimately improve the outcome for individual patients.
Others have hypothesized that patients with different
Roussouly types may have different outcomes following
spinal surgery [3]. There is, therefore, still need for further
studies on how patients’ spine type may influence the
outcome following surgery. With the present study, we hope
to aid future investigations on this matter.
Conclusion
In this study of the Roussouly Classification System, we
present moderate interrater and substantial intrarater
reproducibility in a single-center cohort of 64 ASD patients. We observed a trend for higher levels of reproducibility among more experienced raters. We conclude the
reproducibility of this system to be acceptable and comparable to other ASD classification systems. We suggest
that future studies aim to validate these findings as well as
address the possible influence of the system on patient
outcome following surgery.
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Abstract
Study Design: Reproducibility study.
Objectives: To report the agreement and reliability for commonly used sagittal plane measurements.
Summary of Background Data: Spinopelvic parameters and sagittal vertical axis (SVA) are commonly used parameters for preoperative
planning and postoperative evaluation of patients with adult spinal deformity (ASD). Previous reproducibility studies have focused on
describing the reliability using intraclass correlation coefficients (ICCs), thus quantifying the methods’ ability to distinguish between
individuals. To our knowledge, no previous study in patients with ASD has reported the measurement error in terms of limits of agreement.
The current study aimed to report the agreement and reliability for measurements of pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS),
and SVA in ASD patients.
Methods: In a consecutive, one-center cohort of 64 patients referred for ASD evaluation, a blinded test-retest study was performed.
Reliability was assessed using ICCs, whereas 95% limits of agreement (LOAs) were used to quantify agreement.
Results: We found ‘‘excellent’’ (ICC O 0.9) results in all analyses of reliability except for interrater PI, which was classified as ‘‘good’’
(ICC 5 0.89). However, considerable interrater measurement error was observed for parameters depending on the angulation of the sacral
end plate (95% LOA of 11 and 14 for SS and PI, respectively) compared with 5 for PT and 7 mm for SVA, which depends on the
location of the sacral end plate. Intrarater agreement was only slightly better.
Conclusion: These are to our knowledge the first estimates of measurement error for sagittal spinopelvic parameters in ASD patients.
Despite near excellent ICCs, we found considerable measurement error for parameters depending on the angulation rather than the location
of the sacral end plate.
Level of Evidence: Level II.
Ó 2018 Scoliosis Research Society. All rights reserved.
Keywords: Spine; Adult; Reproducibility; Reliability; Agreement

Introduction
Radiographic measurements of the spine are widely used
to assess patients with adult spinal deformity (ASD) and
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used for preoperative planning as well as a measure of
outcome following surgical treatment. It has been established that sagittal plane balance is of more importance
than the coronal plane balance [1,2], and the most
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commonly used parameters are the sagittal vertical axis
(SVA) and the spinopelvic parameters: sacral slope (SS),
pelvic tilt (PT), and pelvic incidence (PI) (Figure 1).
Despite the reliance on these radiographic measurements,
the inter- and intrarater agreement has not yet been established in ASD patients.
The terms agreement and reliability are often interchangeably used. Agreement in terms of standard error of
measurement (SEM) and limits of agreement (LOA) provide an absolute index of measurement accuracy [3] and
describe the extent of disagreement between measurements
performed on the same subject. The 95% LOA describe the
difference in measurements exceeded in 5% of pairs of
measurements [4] and are, therefore, important thresholds
to differentiate between actual change in repeated measurements from measurement error [5]. This is in contrast
to reliability measures such as the widely used intraclass
correlation coefficient (ICC). ICC represents the ratio of
within-subject variability and between-subject variability
[3,6]. Consequently, reliability is used to evaluate an instrument’s ability to distinguish between subjects [7-10]
and not of measurement accuracy. As an umbrella term,
reproducibility is used to describe both agreement and
reliability [8].
Measurements on digital radiographs have previously
been compared with traditional manual measurements with
excellent reliability [11]. Although no previous study has,
to our knowledge, reported the agreement for individual
sagittal plane parameters in patients with ASD. The
objective of this study was to provide such estimates of
measurement error for these parameters. The cohort of
patients has been described in a previous study regarding
the Roussouly Classification System currently under review
for publication. The aim of the current study was to report
the agreement and reliability for measurements of spinopelvic parameters in ASD patients.

Materials and Methods
This study was performed as a test-retest study in a
consecutive single-center cohort. Relevant approval was
obtained from the national patient safety authority (ref. no.
3-3013-2760/1) and local data protection agency (ref. no.
RH-2017-135 I-suite no. 05498). All patients referred to the
authors’ tertiary outpatient clinic for evaluation of ASD
during a 6-month period from August 1, 2013, were
considered for inclusion. Only adults (>18 years of age)
were includeddimages were taken standing with ‘‘fist-onclavicles,’’ including both femoral heads and with all vertebrates from C7 to S1 visible. Patients with previous spinal
instrumentation, fracture, or neuromuscular disease and
patients with inadequate images were excluded. A total of
803 patients with long standing radiographs were screened
for inclusion, of which 253 were adults with no prior history of spinal instrumentation. A further 178 patients met
exclusion criteria because of previous fracture or neurologic disease (n 5 55), patient already included (n 5 36),
or images without C7 or both femoral heads (n 5 88),
leaving 74 patients for inclusion. Ten cases were used for
training purposes and thus 64 cases were available for final
analysis. Demographics are shown in Table 1. Eight sets of
each patient’s radiographs were transferred to the online
data image management system KEOPS (SMAIO, Lyon,
France). All radiographs were presented to the raters as
unmarked digital films, coded with a unique identification
key. The raters were four surgeons. Rater 1: staff specialist
with one year experience in spinal surgery. Rater 2: staff
specialist with two years of experience. Rater 3 and 4:
senior spine surgeons with more than 20 years of experience each. For each reading session, all four raters were
asked to identify certain key points on each radiograph.
These included both femoral heads, the end plate of S1, as
well as each vertebral body from C7 to L5; following these
markings, the system automatically detected the location
and shape of vertebral bodies and the raters adjusted these
identifications when appropriate. A computerized model
then calculated the SVA and spinopelvic parameters.
Before the first reading session, 10 cases were rated for

Table 1
Demographics (N 5 64 cases).
Age, y
Sex (male)
Pelvic incidence*
Pelvic tilt*
Sacral slope*
SVA*
SVA !5.0 cm*
SVA >5.0 cm*

Fig. 1. Graphical description of calculating the three spinopelvic
parameters.

44.3
44
51.3
16.5
34.8
7.0
465
47

(20.9)
(68.8%)
(14.5)
(13.1)
(12.5)
[e8.2, 23.9]
(90.6%)
(9.4%)

SVA, sagittal vertical axis.
Data are mean (standard deviation), median [interquartile range], or
number (%).
*
Radiographic parameters are calculated based on all 512 entries (64
cases rated twice by 4 raters).
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training purposes. These cases were not included in the
final analysis. Finally, the cases were presented in scrambled order between reading sessions. The raters were given
a 14-day deadline to perform each reading with a 14-day
delay between the two readings. All four raters were blinded from the results of the ratings as well as patient details.
Statistics
The language and environment for statistical computing,
R version 3.4.3, was used for all statistical analyses (R
Development Core Team, 2011, Vienna, Austria). Distribution of data were assessed using histograms and reported
as proportions (%), means with standard deviations (SDs),
or medians with interquartile ranges (IQRs). ICCs were
used to describe reliability for numeric variables using the
package ‘‘irr’’ version 0.84. Two-way random effects
model, single measure, absolute agreement (ICCA,1) was
used for interrater reliability and two-way mixed effects,
single measure, absolute agreement (ICCA,1) for intrarater
reliability [12-14]. ICCs were classified as poor (<0.50),
moderate (0.50-0.75), good (0.76-0.90), and excellent
(>0.90) [8]. When describing agreement, the SEM and
95% LOA were calculated. A linear mixed effects model
with the software package ‘‘lme4’’ version 1.1-15 was used
to calculate the variances. SEM was calculated as SEM
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agreement [7,15] as described by Popovic et al. [6]. As the
number of raters in the current study was greater than two,
the 95% LOA was calculated using the variances derived
from the aforementioned model as described by Bland and
Altman [4] and further exemplified by Hopkins et al. [16]. p
values <.05 were considered significant. A biostatistician
was consulted before the study, and aided in the performance of all statistical analysis.
Results
Reliability
ICC was classified as ‘‘excellent’’ (ICC O0.90) for
inter- and intrarater reliability of PI, PT, SS, and SVA
except for interrater reliability of PI, which was classified
as ‘‘good’’ (ICC 0.89, 95% CI 0.85-0.92) (Tables 2 and 3).
Agreement
The least measurement error and thus the highest degree
of agreement was observed for PT with 95% LOA of 4.9
and 4.4 compared with SS with 95% LOA of 10.9 and
9.3 and PI with 95% LOA of 13.4 and 12.0 for
inter- and intrarater agreement, respectively. In addition,
95% LOA for SVA was 6.9 mm and 5.8 mm,

Table 2
Interrater reliability of spinopelvic parameters.

Pelvic incidence
Pelvic tilt
Sacral slope
SVA

Reading 1

Reading 2

Both readings combined

0.87
0.98
0.89
0.99

0.91
0.98
0.91
0.99

0.89
0.98
0.90
0.99

(0.80e0.91)
(0.97e0.99)
(0.84e0.93)
(0.99e1.00)

(0.87e0.94)
(0.97e0.99)
(0.87e0.94)
(0.99e1.00)

(0.85e0.92)
(0.98e0.99)
(0.87e0.93)
(0.99e0.99)

SVA, sagittal vertical axis.
Data are intraclass correlation coefficient (95% confidence interval).

Table 3
Intrarater reliability of spinopelvic parameters.

Pelvic incidence
Pelvic tilt
Sacral slope
SVA

Rater 1

Rater 2

Rater 3

Rater 4

All raters

0.83
0.96
0.88
0.99

0.94
0.99
0.93
1.00

0.94
0.99
0.95
1.00

0.95
0.99
0.96
1.00

0.91
0.99
0.93
1.00

(0.73e0.89)
(0.94e0.98)
(0.80e0.92)
(0.99e1.00)

(0.85e0.97)
(0.98e1.00)
(0.86e0.96)
(0.99e1.00)

(0.90e0.96)
(0.99e1.00)
(0.92e0.97)
(0.99e1.00)

(0.90e0.96)
(0.99e1.00)
(0.93e0.97)
(0.99e1.00)

(0.89e0.93)
(0.98e0.99)
(0.93e0.94)
(0.99e1.00)

SVA, sagittal vertical axis.
Data are intraclass correlation coefficient (95% confidence interval).

Table 4
Agreement of spinopelvic parameters.
Interrater agreement
SEM
Pelvic incidence
Pelvic tilt
Sacral slope
SVA (mm)



4.9
1.8 
3.9 
2.5

Intrarater agreement
LOA

SEM


13.4
4.9 
10.9 
6.9

LOA, limits of agreement; SEM, standard error of measurement; SVA, sagittal vertical axis.
Data are degrees or distance (mm).



4.3
1.6 
3.3 
2.1

LOA
12.0 
4.4 
9.3 
5.8
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Fig. 2. Bland-Altman plots of intra-rater agreement. Each dot illustrates the difference between any two measurements performed by the same rater. LOA
indicates the 95% limits of intra-rater agreement derived from the linear mixed effects model.

Fig. 3. Bland-Altman plots of inter-rater agreement across both readings. Each dot illustrates the difference between each measurement and the mean of all 4
raters. LOA indicates the 95% limits of inter-rater agreement derived from the linear mixed effects model.
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Table 5
Interrater agreement for each pair of raters.
Pelvic incidence (overall interrater LOA: 13.4)
Rater 1
Rater 2
Rater 3
Pelvic tilt (overall interrater LOA: 4.9)
Rater 1
Rater 2
Rater 3
Sacral slope (overall interrater LOA: 10.9)
Rater 1
Rater 2
Rater 3
Sagittal vertical axis (overall interrater LOA: 6.9)
Rater 1
Rater 2
Rater 3

Rater 2

Rater 3

Rater 4

15.2 
d
d

14.2 
12.8 
d

13.6 
12.8 
12.0 

5.4 
d
d

5.4 
5.0 
d

5.3 
3.5 
4.5 

12.1 

11.3 
10.5 

10.6 
11.7 
9.0 

6.2 mm

6.7 mm
6.1 mm

8.3 mm
7.8 mm
6.1 mm

LOA, limits of agreement.
Data represent interrater LOA when comparing pairs of raters.

respectively (Table 4). Figure 2 shows Bland-Altman plots
(BA-plots) of the intrarater agreements. Figure 3 shows
modified Bland-Altman plots of the interrater agreements
plotting the difference between each measurement and the
mean of all four raters according to Jones et al. [17].
Finally, interrater agreement was further analyzed by
comparing each pair of raters (Table 5).
Discussion
The current results showed excellent reliability of PT,
SS, and SVA, while the reliability of PI was considered
good. These results are in accordance with previous studies
[11,18-20]. The interrater 95% LOA was 4.9 for PT,
10.9 for SS, 13.4 for PI, and 6.9 mm for SVA,
whereas intrarater LOAs were slightly better. Thus, 19 of
20 pairs of measurements on a single radiograph were
closer than these limits, which we argue has to be exceeded
for any difference in serial radiographs to be considered
more than measurement error.
We found profound differences in overall measurement
error for the three angle parameters (PT vs. PI and SS). The
least measurement error was found for PT, which is
dependent on the location of the center of the sacral end
plate, whereas SS and PI are dependent on the sacral end
plate slope (Figure 1). Thus, minor changes in the measured
slope of sacral end plate can vastly influence the magnitude
of PI and SS compared with PT. PI and SS yielded the
largest absolute differences between any two measurements
on the same radiograph (Figure 2). This pattern was also
reported by Pernaa et al. [21] in patients following total hip
arthroplasty. The vast majority of the differences in our
study were due to disagreement in selecting the sacral end
plate. When two raters had selected the end plate differently, up to 30 in disagreement was observed for PI and

SS, with only a minor difference in PT. This largely explains the discrepancy in LOA between the spinopelvic
parameters and thus highlights a seemingly unrecognized
challenge in ASD radiographic measurements as the sacral
end plate often is difficult to identify because of degenerative changes, image quality, and concomitant pelvic
obliquity. Figures 4 and 5 portrays the difference in difficulty of accurately identifying key sagittal radiographic
landmarks in patients with and without pelvic obliquity.
Furthermore, no pre-markings were undertaken in the current study, resulting in measurement error arguably closer
to everyday practice compared with studies using premarked images.
Interrater LOA was also calculated for each pair of raters
(Table 5). There was tendency toward better agreement for
the more experienced raters (Rater 3 and 4) compared with
the two less experienced. However, this difference was not
further analyzed for statistical significance and should be
interpreted with caution.
Other studies of agreement of sagittal spinopelvic parameters include the study by Aubin et al. [19], carried out
using 6 cases of realistic spine prototypes from patients
with ASD. A precise coordinate measuring machine was
used to calculate a gold standard compared with subsequent
measurements of radiographs. Agreement was quantified
through SD of mean differences between ratings. However,
Bland and Altman suggest that an ANOVA is performed
when comparing more than two measurements as the SD of
difference will be reported smaller than the actual error as a
result of removal of part of the error [4,22]. Lafage et al.
[23] validated a new computer-assisted tool to measure
spinal parameters. However, all radiographs were premarked, thus removing a lot of the measurement error.
Although several reliability studies on spinopelvic parameters have been published, none explicitly concern ASD
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Fig. 4. Coronal and sagittal radiographs of patient with pelvic obliquity illustrating the challenges in correctly identifying key landmarks.

patients and adhere to measurement error calculations
suggested by Bland and Altman [3,4,6,8,15,17,22]. Pernaa
et al. [21] performed a reproducibility study of radiographic
measurements in patients following THA and used BA
plots to describe agreement. The 95% LOA values are not
given but can be read from the BA plots or calculated from
the SDs of mean differences between readings (95% LOA
for PT 5 5.9 and 4.2 , for SS 5 8.4 and 7.6 , and
for PI 5 10.0 and 7.2 for inter- and intrarater agreement, respectively). Kim et al. [18] presented the results of
a reproducibility study of the same four radiographic parameters as the current study in patients with various
degenerative lumbar spinal disorders. Results were given
only as intrarater 95% LOA for manual and computerassisted measurements (PT: 1.4 to 6.0 , SS: 1.6 to
6.3 , PI: 1.0 to 7.3 , and SVA: 1.4 to 8.3 mm).
No estimate of interrater agreement was given. Both studies
present marginally lower estimates of measurement error
compared with the results of the current study, which could
be caused by the difference in spine pathology between studies.
Comparing our results to the generally accepted measurement error of 5 for the coronal Cobb angle, the
literature suggest that this assumed error is not well

founded. The systematic review by Langensiepen et al. [24]
state that the few studies on agreement were mostly not
consistent in reporting the same agreement parameter, only
reported intrarater agreement, or had implemented vertebral pre-selection for Cobb angle calculations which as
previously mentioned is likely to exclude part of the measurement error. In their review of 11 selected studies, 9
included adolescent or infantile scoliosis patients and 2 did
not specify age characteristics. They reported interrater
95% LOA ranging from 3.6 to 8.3 and intrarater 95%
LOA from 1.3 to 4.5 .
Strengths and limitations
In the current study, all cases were enrolled consecutively at a single center; however, many were excluded
because of inadequate availability of radiographs, leaving a
relatively small sample for inclusion. This is indeed suboptimal and indicates low validity. New protocols have
since been introduced to reduce the rate of insufficient radiographs in collaboration with the local radiology
department. This has led to a significant reduction in radiographs lacking either C7 or femoral heads. Other centers
undergoing similar difficulties are suggested to perform
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Fig. 5. Coronal and sagittal radiographs of patient without pelvic obliquity.

quality assessment of performed radiographs to assess and
implement newer protocols to diminish the rate of insufficient radiographs. Furthermore, the current study utilized a
semiautomatic system for all radiographic measures.
Although the surgeon had to identify all anatomic landmarks, the system calculated the radiographic parameters.
This eliminates the risk of mistakes during calculations.
Therefore, measurement error may well be even more
prominent when calculating spinopelvic parameters in
digital radiographs using ‘‘manual’’ methods.
On the other hand, a fully disclosed selection process is
presented, which we argue contribute to lessening the risk
of bias. Additionally, the use of mixed effect models to
calculate the LOA makes it independent of the specific
ICC. This, combined with results of SEM, allows for
direct comparison to future studies. Finally, the current
study was performed by surgeons with different levels of
experience. As radiographic measurements in a clinical
setting often is performed by observers of varying levels of

training, we argue that this should also be the case when
performing a reproducibility study, thus increasing the
external validity.
Conclusion
In this reproducibility study of the measurement accuracy of spinopelvic parameters, we found noticeably larger
measurement errors in parameters depending on the angulation of the sacral end plate (SS: 11 ; PI: 14 )
compared with parameters merely depending on the location of the sacral end plate (PT: 5 ; SVA: 7 mm).
This was despite excellent or near excellent ICCs for all
parameters. These are to our knowledge the first estimates
of agreement according to Bland and Altman for spinopelvic parameters in ASD patients, and we encourage surgeons to account for the considerable measurement error in
parameters depending on the angulation of the sacral end
plate when comparing repeated measurements.
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Abstract
Study Design: Retrospective analysis of prospectively collected data.
Objectives: To validate the Global Alignment and Proportion (GAP) score in a single-center cohort of adult spinal deformity (ASD)
patients.
Summary of Background Data: Surgical treatment for ASD is associated with a high risk of mechanical failure and consequent revision
surgery. To improve prediction of mechanical complications, the GAP score was developed with promising results. Development was based
on the assumption that not all patients would benefit from the same fixed radiographic targets as pelvic incidence is an individual,
morphological parameter that greatly influences the sagittal curves of the spine.
Methods: In a validation study of the GAP score, patients undergoing ASD surgery with four or more levels of instrumentation were
consecutively included at a tertiary spine unit. Patients were followed for a minimum of two years. Pre- and postoperative GAP score and
categories were calculated for all patients, and the association with mechanical failure and revision surgery was analyzed.
Results: A total of 149 patients with a mean age of 57.4 years were included. Overall, the rates of mechanical failure and revision surgery
were 51% and 35% respectively. The area under the curve (AUC) using receiver operating characteristic was classified as ‘‘no or low
discriminatory power’’ for the GAP score in predicting either outcome (AUC 5 0.50 and 0.49, respectively). Similarly, there were no
significant associations between GAP categories and the occurrence of mechanical failure or revision surgery when using CochranArmitage test of trend (p 5 .28 for mechanical failure and p 5 .58 for revision surgery).
Conclusions: In a consecutive series of surgically treated ASD patients, we found no significant association between postoperative GAP
score and mechanical failure or revision surgery. Despite minor limitations in similarities to the original study cohort, further validation
studies or adjustments to the original scoring system are proposed.
Level of Evidence: Level II.
Ó 2018 Scoliosis Research Society. All rights reserved.
Keywords: Adult spinal deformity; Classification; Validation studies; Postoperative complications; Sagittal alignment; Reproducibility of results; Spinal
fusion; Radiography
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Adult spinal deformity (ASD) is a complex entity that
can significantly impact health-related quality of life [1,2].
Surgical treatment in selected patients has demonstrated
beneficial results compared with nonsurgical treatment
[3,4], and the most common indications for surgery are pain
and disability [5]. However, ASD surgery is associated with
a high risk of postoperative complications [6,7], and revision surgery may be necessary, at times as a result of so-
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called mechanical failure [8-13]. The SRS-Schwab classification was developed to guide surgical decision making
and establish targets for surgical results that would minimize postoperative disability [14]. The classification was
based on health-related quality of life measures and has not
been shown to reliably predict mechanical failure [13].
Yilgor et al. [15] recently developed the Global Alignment
and Proportion (GAP) score, which is a predictive model
for mechanical complications based on spinopelvic balance. Pelvic incidence (PI) is a fixed morphologic parameter that varies substantially between patients. The
morphology of the pelvis greatly influences the sagittal
curves of the spine, including the individual variability of
the sacral slope (SS) and lordosis curve [16,17]. The GAP
score is based on the assumption that not all patients would
benefit from the same fixed radiographic targets. The score
was developed in a cohort of ASD patients from the European Spine Society Group (ESSG) database. The GAP
score comprises 4 radiographic parameters calculated as the
difference between measured and ideal angle (Fig. 1).
Relative pelvic version is calculated as the difference between the measured angle and an ideal measure based on
the individual PI. Relative lumbar lordosis is calculated in

an equivalent manner. The authors calculated the ideal
angle for each measure using linear regression models of
the relationship to PI from data of asymptomatic individuals. The Lordosis Distribution Index characterizes the
disposition of the lumbar lordosis while the relative spinopelvic alignment is an estimate of the global sagittal
alignment (Fig. 1). After adding a variable for age, a score
between 0 and 13 is given and patients are further subcategorized into three categories (Fig. 2). After developing
the model, the authors validated the system in a new cohort
of patients using receiver operating characteristics (ROC)
and Cochran-Armitage test of trend with promising results.
The aim of the current study was to validate the GAP score
as predictor of mechanical failure and revision surgery in a
single-center cohort of patients with ASD.
Methods
All adult patients (>18 years of age) undergoing surgery
for ASD in a three-year period from January 1, 2013, were
screened for inclusion. A total of 186 patients were identified, and all were treated at a single tertiary spine unit.
Patients with less than two years of follow-up (n 5 37)

Fig. 1. Methods for calculating the radiographic components of the Global Alignment and Proportion score. Relative pelvic version, relative lumbar lordosis,
and relative spinopelvic alignment are calculated based on the measured angle in relation to the ideal angle.
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Fig. 2. Each component of the Global Alignment and Proportion score includes a value based on the radiographic parameters as depicted in Fig. 1 and an age
component. Patients are given a score for each parameter, which are summarized as a total score (range 0e13) and further subcategorized. RPV, relative
pelvic version; RLL, relative lumbar lordosis; LDI, lumbar distribution index; RSA, relative spinopelvic alignment.

were excluded, leaving 149 for final inclusion. Longstanding digital radiographs were available for all patients
pre- and postoperatively, as well as at 1- and 2-year followup. Demographics were obtained from medical records.
Radiographic measurements were performed using the
validated online data image management system KEOPS
(SMAIO, Lyon, France) [18]. Relative pelvic version, relative lumbar lordosis, Lordosis Distribution Index, and relative spinopelvic alignment were calculated from radiographs
in accordance to the original work (Fig. 1). Patients were
classified into the three subcategories: proportioned,
moderately disproportioned, and severely disproportioned
(Fig. 2). Mechanical failure was defined as proximal junctional kyphosis (PJK), proximal junctional failure, distal
junctional failure, rod breakage, or other. Other implantrelated complications included screw breakage, loosening,
or pullout or set-screw dislodgement. PJK was defined as a
>10 increase in kyphosis angle between the upper instrumented vertebra (UIV) and 2 vertebrae above UIV (UIVþ2).
Proximal junctional failure was defined as PJK along with
one or more of the following: fracture of the UIV or UIVþ1,

posterior osseoligamentous disruption, or instrumentation
pullout at the UIV [19]. Revision surgery was defined as
reoperation within two years of index surgery because of
mechanical failure. A subset of patients have been described
in a previous study [20].
Statistics
All statistical analyses were performed using R, version
3.4.3 (R Development Core Team, Vienna, Austria). Distribution of data was assessed using histograms and reported as proportions (%), means with standard deviations
(SDs), or medians with interquartile ranges. The MannWhitney U test was used when comparing numeric nonGaussian distributed data. Pearson c2 test of independence or trend across ordinal categories was used when
comparing categorical data, and Fisher exact test was used
when the expected frequency was below 5 for more than
20% of the compared groups. ROC curves were used to
calculate AUC in assessing the GAP score’s diagnostic
accuracy of predicting mechanical failure or revision
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surgery [21,22]. Diagnostic accuracy was classified as ‘‘no
or low discriminatory power’’ for an AUC of 0.5e0.7,
‘‘moderate discriminatory power’’ for an AUC of 0.7e0.9
and ‘‘high discriminatory power’’ for an AUC >0.9 [23].
Additionally, GAP categories were analyzed for association
to the two outcome variables using Cochrane-Armitage test
of trend and presented as odds ratios (ORs) with 95% CIs
[24,25]. Furthermore, GAP score and categories were
analyzed for association with revision surgery or mechanical failure using logistic regression models. p values <.05
were considered significant.
Before the study, approvals were obtained from the
regional data protection agency and national patient safety
authority: journal number 2012-58-0004 and 3-30131980/1.
Results
The current study included a consecutive cohort of 149
surgically treated ASD patients. The mean age was 57.4
(15.9) years, patients were followed for a median of 32
months (range: 24e57), and 88 (59%) had a history of
previous spine surgery. Demographics and complications
are shown in Table 1. Patients attained a mean GAP score
correction of 4.1 (4.1). In 86 (58%) cases, the surgical
procedure included a three-column osteotomy (3CO).
Seventy-six (51%) patients had one or more mechanical
complications, and 52 (35%) underwent revision surgery
because of mechanical complication within two years of the
index procedure. There were 4 (2.2%) deaths during the
study period in the initial cohort of 181 patients, and none
were included in the final cohort. We found no association
between postoperative GAP score and mechanical failure or
revision surgery using the Mann-Whitney U test (p 5 .84
and p 5 .97, respectively). Similar findings were present
for the three subcategories when using the Pearson c2 test
(p 5 .39 and p 5 .84 respectively) (Fig. 3). Using receiver
operating characteristic curves, we found no or low
discriminatory power for both mechanical failure (AUC:
0.50, 95% CI: 0.40e0.59) and revision surgery (AUC: 0.49,
95% CI: 0.39e0.59) (Fig. 4). When assessing subcategories
in relation to mechanical failure or revision surgery, no
significant effect was found in Cochran-Armitage test of
trend (p 5 .58 and p 5 .28, respectively). Logistic
regression showed no significant association between either
GAP score or categories and the two outcome variables (Table 2).
Discussion
The present study found no significant association between either GAP score or GAP categories in relation to
mechanical failure or revision surgery in patients with
ASD. Analyses were performed using ROC curves,
Cochran-Armitage test of trends, and logistic regression models.

Table 1
Demographics
Age, years, mean (SD)
Instrumented vertebrae, mean (SD)
Sex, female
Previous spine surgery
3-column osteotomy
Follow-up, months, median [IQR]
Mechanical failure
Proximal junctional kyphosis
Proximal junctional failure
Distal junctional failure
Rod breakage
Other mechanical failure
Revision surgery
Preoperative GAP score, median [IQR]
Postoperative GAP score, median [IQR]
Preoperative GAP category
Proportioned
Moderately disproportioned
Severely disproportioned
Postoperative GAP category
Proportioned
Moderately disproportioned
Severely disproportioned
Change in GAP score, mean (SD)

57.4 (15.9)
12.0 (3.5)
105 (70.5)
88 (59.1)
86 (57.7)
32 [24e57]
76 (51.0)
4 (2.7)
10 (6.7)
1 (0.7)
57 (38.3)
17 (11.4)
52 (34.9)
10 [6e12]
4 [2-7]
7 (4.7)
32 (21.5)
110 (73.8)
40
64
45
4.1

(26.8)
(43.0)
(30.2)
(4.1)

GAP, Global Alignment and Proportion; IQR, interquartile range; SD,
standard deviation.
Values are n (%) unless otherwise noted.

The present study was designed to validate the recently
presented classification system in ASD patients. Patients
undergoing surgery were consecutively included to establish the current cohort and no attempts were made to match
the current cohort with that in the original study. Our
department is a tertiary spine unit, and a majority of
referred patients were complex cases in contrast to patients
in the original work who were included from the ESSG
database. In comparing the two cohorts, we found small
differences in age (57.4 vs. 50.7 years) and sex distribution
(70.5 vs. 80.0% females). Most noticeable was the proportion of patients with a history of previous spine surgery
(59% in the current study vs. 30% in the original cohort).
Mean postoperative GAP score was 4.8 (range: 0e12)
compared with 4.0 (range: 0e13) in the original cohort.
Information regarding the extent of 3COs (58% in the
current study) and number of instrumented vertebrae were
not presented in the original validation cohort. Rates of
mechanical failure and revision procedures were slightly
higher in the present study, which may be attributed to a
high rate of 3CO procedures [6,13,26].
As 37 of the 186 identified ASD patients were lost to
follow-up, the risk of selection bias should be considered.
Although an inclusion rate of 80% is not ideal, we argue
that the one-center and consecutive fashion of inclusion
minimizes the risk of this type of bias.
The use of any classification system relies on its ability
to propose treatment strategy and accurately predict
outcome, ultimately minimizing the risk of postoperative
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Fig. 3. Boxplot of Global Alignment and Proportion (GAP) category distribution by mechanical failure and revision surgery.

complications. We therefore find the seminal work of Yilgor et al. [15] of considerable relevance as such a prediction
model has not previously been published in patients with
ASD. Results were promising, with an AUC in correlation
to mechanical failure of 0.92 (standard error [SE]: 0.0034,
p ! .001, 95% CI: 0.85e0.98). However, the results of the
present study showed no significant association between the
GAP score and mechanical failure and thus did not confirm
the findings of the original study. Given that the current
study population differed slightly from the original cohort,

caution is warranted regarding the interpretation of these
findings. The current cohort reflects the heterogeneity of
ASD patients and as such was not designed to replicate the
original study but to assess whether the promising results of
the GAP score had external validity in a non-selected ASD
cohort. The rate of complications in the present study was
higher than previously described following ASD surgery
[6] and could have influenced the results.
The GAP score was developed on the basis of the
assumption that PI is an individual morphologic parameter

Fig. 4. Receiver operating characteristic curves illustrating the diagnostic accuracy of the Global Alignment and Proportion (GAP) score in predicting mechanical failure and revision surgery. An area under the curve (AUC) of !0.7 indicates ‘‘no or low discriminatory power’’ of diagnostic accuracy.
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Table 2
Accuracy of the GAP score as a predictor of revision surgery or mechanical failure

Receiver operating characteristics, AUC (95% CI)
Cochran-Armitage test of trend, c2 test
Univariate logistic regression, OR (95% CI)
GAP score
GAP categories
Proportioned
Moderately disproportioned
Severely disproportioned

Revision surgery

p value

Mechanical failure

p value

0.49 (0.39e0.59)
1.16

.28

0.50 (0.40e0.59)
0.30

.58

1.01 (0.91e1.11)

.28

1.00 (0.91e1.10)

Reference
1.42 (0.76e2.66)
0.87 (0.50e1.53)

.28
.63

Reference
1.14 (0.65e2.18)
0.94 (0.55e1.60)

.28
.81

AUC, area under the curve; CI, confidence interval; GAP, Global Alignment and Proportion; OR, odds ratio.

affecting all other spinal and pelvic parameters. The system was therefore established by comparing different
measured spinopelvic parameters in relation to calculated
target values based on the individual PI and takes into
account the distribution of the lumbar lordosis, sagittal
balance, magnitude of SS and lumbar lordosis in relation
to PI, and age. However, previous studies have suggested
that there are multiple factors associated with failure.
Nicholls et al. [27] found that pelvic tilt (PT) and thoracic
kyphosis (TK) significantly increased the risk of mechanical failure following ASD surgery. The relationship:
PI 5 SSþPT, is well established, and although both SS
and PI are included in the GAP model, PT is known to be
a reliable estimator of pelvic retroversion and thereby
compensation of sagittal imbalance [28]. Additionally,
Nicholls et al. reported that females developed PJK in a
higher rate than men. In a competing risk model of mechanical failure, Hallager et al. [13] also reported that the
magnitude of thoracic kyphosis significantly influenced
the rate of postoperative failure. Furthermore, the study
found that larger operative changes, in particular in lumbar lordosis, significantly increased the risk. Further aspects in relation to mechanical failure are the number of
instrumented vertebrae and instrumentation ending at the
sacrum that have previously been correlated to risk of
mechanical complications [29,30]. Obesity, osteoporosis,
severity of ASD, minimally invasive surgery, and muscle
volume has also been associated with changed risk of
mechanical failure [31-33]. In addition, questions have
been raised whether or not the presence of mechanical
failure correlates to patient-reported outcome measures
[34], which further complicates the clinical significance of
these radiographic outcomes.
To our knowledge, the present study is the first validation study of the GAP score outside of the original work.
The results did not confirm the findings of the original
study. Identifying patients at risk of mechanical failure and
revision surgery is a key task of any spine surgeon. However, ASD patients are characterized by a substantial heterogeneity, and predictive classifications may need to
address this variation even further. Due care is therefore
suggested in clinical use of the GAP score in its present
form until appropriate modifications or future validation
studies are presented.

Conclusions
This longitudinal, single-center study on ASD patients
found no significant association between postoperative
GAP score and mechanical failure or revision surgery.
Despite limitations in case similarities, further adjustments
to the classification system or future validation studies are
suggested before clinical implementation.
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Specific statistical considerations
Intraclass correlation coefficients (ICC)
ICC coefficients were used to describe reliability for numeric variables using the package
“irr” version 0.84. Two-way random effects model, single measure, absolute agreement
(ICCA,1) was used for inter-rater reliability and two way mixed effects, single measure,
absolute agreement (ICCA,1) for intra-rater reliability [1–3].
Standard error of measurement (SEM) and 95% Limits of Agreement (LOA)
When describing agreement the SEM and 95 % LOA were calculated. SEM is often
calculated as 𝑆𝐸𝑀 = 𝑆𝐷 √1 − 𝐼𝐶𝐶 [4–6] where SD is the standard deviation of scores for all
cases. This form is known as SEM consistency. As different forms of ICC derive different
values, the use of this equation can substantially influence the size of SEM, and SEM
consistency does not take in to account the systematic differences between raters. Therefore, a
more precise method of deriving the SEM is using the square root of the mean square error
term by the means of a repeated measure analysis of variance (ANOVA)[7,8] and is called
SEM agreement. Any further mention of SEM will be in the agreement form. SEM was
calculated as 𝑆𝐸𝑀𝑖𝑛𝑡𝑟𝑎 = √𝑟𝑎𝑡𝑒𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 + 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 and 𝑆𝐸𝑀𝑖𝑛𝑡𝑒𝑟 =
√𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 . A linear mixed effects model with the software package “lme4”
version 1.1-15 was used to calculate the variances. The repeatability coefficient (RC) devised
by Bland and Altman[9] also describes the within-subject variation by calculating the
difference in measurements exceeded by only 5% of pairs of measurement. The relationship
between the RC and SEM is 𝑅𝐶 = 𝑡 × 𝑆𝐸𝑀𝑑𝑖𝑓𝑓 where t is the t statistic for a given
cumulative probability with n degrees of freedom. As 𝑆𝐸𝑀𝑑𝑖𝑓𝑓 = √2 × 𝑆𝐸𝑀 the full equation
is 𝑅𝐶 = 𝑡 × √2 × 𝑆𝐸𝑀 = 2.77 × 𝑆𝐸𝑀, for cumulative probability of 0.975 and n degrees
of freedom [6,8,9]. Bland and Altman further describe the 95% limits of agreement (LOA) as
±RC. A biostatistician was consulted prior to the study and aided in the performance of all
statistical analysis.
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