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Abstract

Purpose Sagittal malalignment is a risk factor for mechanical complications after surgery for adult spinal deformity (ASD).
Spinal loads, modulated by sagittal alignment, may explain this relationship. The aims of this study were to investigate the
relationships between: (1) postoperative changes in loads at the proximal segment and realignment, and (2) absolute post-
operative loads and postoperative alignment measures.

Methods A previously validated musculoskeletal model of the whole spine was applied to study a clinical sample of 205
patients with ASD. Based on clinical and radiographic data, pre-and postoperative patient-specific alignments were simulated
to predict loads at the proximal segment adjacent to the spinal fusion.

Results Weak-to-moderate associations were found between pre-to-postop changes in lumbar lordosis, LL (r= —0.23,
r=—0.43; p<0.001), global tilt, GT (r=0.26, r=0.38; p<0.001) and the Global Alignment and Proportion score, GAP
(r=0.26, r=0.37; p<0.001), and changes in compressive and shear forces at the proximal segment. GAP score parameters,
thoracic kyphosis measurements and the slope of upper instrumented vertebra were associated with changes in shear. In
patients with T10-pelvis fusion, moderate-to-strong associations were found between postoperative sagittal alignment meas-
ures and compressive and shear loads, with GT showing the strongest correlations (r=0.75, r=0.73, p <0.001).
Conclusions Spinal loads were estimated for patient-specific full spinal alignment profiles in a large cohort of patients with
ASD pre-and postoperatively. Loads on the proximal segments were greater in association with sagittal malalignment and
malorientation of proximal vertebra. Future work should explore whether they provide a causative mechanism explaining
the associated risk of proximal junction complications.

Keywords Adult spinal deformity - Spine surgery - Fusion surgery - Sagittal alignment - Musculoskeletal modeling -
Adjacent segment - Spinal loads

Introduction

Adult spinal deformity (ASD) is a complex disorder associ-
ated with decreased health-related quality of life [1]. The
prevalence of ASD is estimated to be between 32 and 68%
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in individuals over 65 years of age [2]. With the growing
proportion of older individuals in the global population, the
associated socioeconomic costs will continue to rise [3]. Due
to degenerative processes, ASD typically involves pathologi-
cal changes in the sagittal plane (sagittal imbalance, spon-
dylolisthesis) and frontal and transverse plane (i.e., scolio-
sis). Surgical correction of spinal deformity can relieve pain
and reduce disability, with outcomes that seem superior to
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those of conservative treatment in selected patients [4, 5],
but complications are not uncommon [6].

Mechanical complications caused by continuous or
repetitive mechanical stress are estimated to affect 28—-61%
of ASD patients with longer fusion constructs (>4 spinal
levels) [7, 8]. They include proximal junctional kyphosis
(PJK) or failure (PJF), distal junctional failure, pseudoarthro-
sis, rod breakage, screw pull-out and other implant-related
complications [9, 10]. These complications lead to revision
surgery in 12-35% of all cases [11, 12]. The factors con-
tributing to the risk of complications: older age, osteopenia,
presence of comorbidities, higher BMI, and large abnormali-
ties in preoperative sagittal alignment [13, 14], affect body
biology, biomechanics, or both.

Spinal sagittal malalignment has been identified as an
important biomechanical factor affecting both the risk of
mechanical complications [15—17] and patient self-reported
outcome [18-20]. Restoration of normal sagittal alignment
is therefore one of the critical aims of adult spinal deform-
ity surgery [4, 15]. Based on the clinical observations, it
has been proposed that postoperative alignment can predict
future mechanical complications. For example, the recently
developed Global Alignment and Proportion (GAP) score—
a scoring system for postoperative spinal sagittal shape and
alignment relative to patient-specific pelvic incidence [9]—
has been shown promising accuracy in predicting mechani-
cal complications after ASD surgery [8, 9, 21-24]. From a
biomechanical perspective, severe malalignment is expected
to be related to unfavorably large spinal loads, contributing
to the risk of mechanical failure. However, considering the
complexity and variability of the spine curvature, the rela-
tionships between global sagittal alignment and spinal loads
are not trivial.

Previous biomechanical modeling works exploring these
relationships [25-27] revealed that even small changes in
thoracic [27] or lumbar [26] curvature can have substantial
impact on spinal loads. In sagittally malaligned postures,
trunk center of mass is generally shifted anteriorly, which
requires higher extensor muscle forces, resulting in elevated
spinal loads. Consequently, loads increase with more pro-
nounced thoracic kyphosis [28, 29], and are mitigated by
congruent lumbar lordosis [29, 30] and—to some extent—
by compensatory mechanisms such as pelvic retroversion
[29]. In other words, not only segmental and regional align-
ment affect spinal loads, but also their interplay, i.e., global
sagittal alignment, matters. A recent simulation study of
2772 synthetically created normal spino-pelvic alignment
profiles found that spinal loads were modulated by the com-
bined effects of global alignment (reflected by SVA, sagittal
vertical axis), lumbar topology (Roussouly types [31]) and
sacral inclination [32]. The relationships between global and
local alignment and spinal loads have not been yet explored
in-depth in a surgical patient population. Previous studies
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investigating postoperative loads considered the lumbar
spine only and were focused on short (L4-L5 and L4-S1)
fusions [33, 34], disregarding the effects of thoracic curva-
ture and longer fusion constructs.

Therefore, the main aim of this combined clinical and
computational study was to investigate pre-and postoperative
spinal loads at the proximal segment in patients with ASD
in relation to their sagittal alignment profiles, using patient-
specific musculoskeletal modeling and radiographic data.

1. We aimed to investigate the association between surgi-
cal realignment of the vertebral profile (pre-to-postop
change in sagittal alignment measures) and the corre-
sponding change in loading at the segment adjacent to
the spinal fusion. We hypothesized that a greater realign-
ment would be associated with a greater reduction in
compressive load and a greater negative change in shear
force (i.e., more posterior shearing).

2. A second aim was to explore the association between
postoperative global sagittal alignment and absolute
postoperative spinal segmental loads. Our hypothesis
was that greater measures of malalignment would be
associated with greater loads at the proximal adja-
cent segment, which might be indicative of a potential
mechanical failure mechanism.

To test these hypotheses, a previously established and val-
idated musculoskeletal model of the spine with fusion effects
was used [35, 36]. Retrospective review of prospectively col-
lected radiographic and demographic data of patients with
ASD served to construct patient-specific preoperative and
postoperative models allowing simulation of related spinal
loads at the proximal segment.

Methods
Patient dataset

A retrospective dataset of 222 patients with ASD was used,
the same cohort described in the previous clinical study in
which the Global Alignment and Proportion (GAP) score
was developed and validated [9]. The data were collected
within the multicenter study of the European Spine Study
Group (ESSG), a collaboration of 6 clinical sites across
Europe. Enrollment criteria were: age of > 18 years and at
least 1 of the following: coronal Cobb angle >20°, sagit-
tal vertical axis of >5 cm, pelvic tilt of >25°, or thoracic
kyphosis of >60°. Out of this ESSG database, only cases of
operative treatment with posterior fusion at>4 levels and
follow-up data available at > 2 years postoperatively were
included in the GAP study [9] and in the current work. Fur-
ther exclusion criteria, related to the simulation nature of the
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Fig. 1 Spino-pelvic parameters obtained from pre-and postoperative radiographs for constructing subject-specific models of sagittal alignment
profiles (SS-sacral slope, PI-pelvic incidence, PT-pelvic tilt, GT-global tilt)

study were: upper instrumented level at T1 or more supe-
rior (unsuitable to be simulated with the model established
for investigating loads at T1/T2-L5/S1), missing values of
postural measures needed to create a patient posture model
within the defined work frame, or model construction and
simulation errors.

The dataset included patient demographic parameters,
surgical treatment details, prior fusion, occurrence and type
of mechanical complications, as well as sagittal alignment
measures obtained from preoperative and 6 weeks post-
operative long lateral radiographs. The sagittal alignment
parameters included: pelvic incidence (PI), sacral slope
(SS), global tilt (GT), lumbar lordosis L.1-S1 and thoracic
kyphosis T2-T12 angles, and angles for estimating lumbar
and thoracic curve distribution: L.4-S1, T10-L2, T5-T12,
and T2-T5 (Fig. 1). Based on the sagittal parameters, GAP
score and its parameters (relative pelvic version, RPV; rela-
tive lumbar lordosis, RLL; lordosis distribution index, LDI;
and relative spinopelvic alignment, RSA) were calculated
for each participant (Fig. 2). GAP score can be used to cat-
egorize sagittal alignment as: postoperatively proportioned,
GAP <2; moderately disproportioned, 3 < GAP <6; and
severely disproportioned, GAP >7 [9].

The spine model

A musculoskeletal model of the spine, including articu-
lated thorax with ribcage, previously developed and vali-
dated in the AnyBody Modeling System software was used
[35, 36]. In this model, the pelvis is constrained to the
ground and rigidly connected to the sacrum. The articu-
lations between thoracic and lumbar vertebrae are mod-
eled as spherical joints, and articulations between ribs
and vertebrae are approximated as revolute joints. The
elastic effects of intervertebral disc, paraspinal ligaments
and ribcage structures are modeled with passive stiffness
elements. This model has been validated by comparing
predicted compressive forces to reported in vivo intradis-
cal pressure measurements at various postures in healthy
volunteers, as described in more detail in previous works
[35-38]. The previously established model extension was
used for modeling the effects of spinal fusion [39]. In this
model, the surgically treated levels are selected as the
model input, and fused vertebrae are modeled as rigidly
connected, i.e., not allowing any motion at fused joints and
fully transferring forces and moments.
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Fig.2 Summary of the GAP . R R
scoring system of the sagit- RPV Relative Pelvic Version Anteversion
tal alignment (based on [9]). RPV = Measured - Ideal Sacral Slope Aligned 0
Based on the cut-off values (not )
Ideal Sacral Slope = Pelvic Incidence x 0.59 + 9 Moderate retroversion
shown), the parameter measures
(RPV, RLL, LDI, RSA) are Severe retroversion 3
scored for severity of malalign-
ment. The GAP score reflects RLL Relative Lumbar Lordosis Hyperlordosis 3
the sum of these partial scores RLL = Measured - Ideal Lumbar Lordosis Aligned 0
Ideal Lumbar Lordosis = Pelvic Incidence x 0.62 + 29 Moderate hypolordosis
Severe hypolordosis 3
LDl Lordosis Distribution Index Hyperlordotic maldistribution 3
LD|= L4-S1 Lordosis % 100% Aligned 0
~ L1-S1 Lordosis N Moderate hypolordotic maldistribution
Severe hypolordotic maldistribution 2
RSA Relative Spinopelvic Alignment Negative malalignment
RSA = Measured - Ideal Global Tilt Aligned 0
Ideal Global Tilt = Pelvic Incidence x 0.48 - 15 Moderate positive malalignment
Severe positive malalignment 3
Age Factor Adult (<60 y. 0.) 0
Elderly Adult (260 y.0.)
GAP score = 0-13

Patient-specific models

Patient-specific sagittal spinopelvic alignment profiles
were represented in the musculoskeletal spine model
(Fig. 3), taking into account the aforementioned radio-
graphic parameters. The orientation of sacrum was set
according to the measured SS angle. Pelvis rotation with
respect to sacrum was set to represent individual PI. The
measures of L4-S1, L1-S1, T10-L2, T2-T12, T5-T12 and
GT angles were used to set relative orientations of associ-
ated vertebrae in the sagittal plane. The curvatures defined
by these measures were distributed equally between the
intervertebral joints encompassed by a measure (e.g.,
L4-S1 angle was divided into equal angles of L4-L5 and
L5-S1). Horizontal gaze was assumed, by setting skull
orientation and allowing cervical spine to flex/extend so
such position of the head is achieved. Endplate slope of
the upper instrumented vertebra, UI'V_slope, was esti-
mated in the reconstructed alignment model, measured
as an angle between the upper endplate of UIV and the
horizontal line. Patient models were scaled uniformly to
represent individual body weight and height. In this way,
pre-and postoperative models were constructed. Fusion
effects were modeled for the surgically treated segments.
In revision surgery cases, prior fusion was modeled in the
preoperative model.
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Simulations

Inverse-static simulations of pre-and postoperative patient-
specific models of sagittal alignment were performed in
the AnyBody Modeling System [40]. In the simulation,
internal forces (muscle and joint reaction forces) needed to
support the modeled posture were computed [41]. Because
of muscle redundancy in the system, a muscle optimization
scheme was applied to mimic physiological recruitment
of the muscles by the central nervous system, favoring
stronger muscles and muscle synergy [42]. The muscle
recruitment criterion used was a sum of cubed muscle
activities (activity is defined as a ratio of generated muscle
force to its strength, or maximum force it can generate).
Compressive and antero-posterior shear forces were cal-
culated (Fig. 4) for all the unfused spinal segments. Loads
analysis was performed for the segment proximal to the
instrumentation (with estimation of loads at the center of
intervertebral disc proximal to the UIV) in the postopera-
tive condition and for the corresponding segment in the
simulated preoperative condition, to analyze pre-to-postop
changes in loading conditions of the proximal segment.
To allow between-subjects comparability, the loads were
normalized to individual body mass.
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data was used to construct individualized spine models reflecting
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Fig.4 As a result of the simulation, spinal segmental loads (F_result-
ant) are found as intervertebral joint forces for each unfused spinal
segment. Axial compression and antero-posterior shear components
are calculated with respect to the reference frame of the intervertebral
disc space. (Estimation of proximal segment loads at the center of the
intervertebral disc proximal to the upper instrumented vertebra)

Statistical analyses

Descriptive data are presented as means + standard devia-
tions (SD). Wilcoxon signed-rank tests were performed to
examine differences between preop and postop measures.
Postoperative changes in model-predicted compressive
and shear forces estimated for the proximal segment (with
respect to the corresponding segment in the preoperative
condition) were calculated. Their associations with sagittal
alignment measures and the associations between sagittal
alignment measures and spinal loads were analyzed with
Pearson’s r correlation coefficients. The significance level

Radiographic & Clinical Data

Patient-specific Musculoskeletal Models

a2
i

TR

primary surgery case revision surgery case

formed to estimate compressive and antero-posterior shear loads at
the segment adjacent to fusion and at the corresponding spinal level
preoperatively

was set at p <0.05, and the Benjamini—-Hochberg proce-
dure was applied to adjust p-values for multiple hypothesis
testing and control the false discovery rate at the 5% level.
Analyses were performed using MATLAB (MATLAB
R2018a, v. 9.4.0, MathWorks, Inc.).

Results
Patient sample

Out of the sample of 222 patients, 17 were excluded. Eight
had an upper instrumented level at T1 or more superior.
In five cases, the dataset of postural measures was incom-
plete. In four other cases, data were available, but posture
could not be simulated (due to model limitations: assumed
dimensions of vertebral bodies and intervertebral spaces
causing conflict between provided sagittal alignment
measures, or simulation failure to solve extreme deform-
ity cases). This left N=205 patients (156 female, 49 male)
to be analyzed in the study. Their mean age (and standard
deviation) was 52.1 +19.2 years (range 18-84 years), mean
body mass 67.5 + 13.6 kg (range 40-110 kg), body height
162 +9 cm (range, 143-192 cm), BMI 25.7 +5.1 kg/m2
(range, 13.4-44.6 kg/m?).

The sample included both primary (72%) and revi-
sion (28%) surgery cases, representing a variety of fusion
lengths (median number of fused motion segments =9,
range 3-16), and upper (T2-L3) and lower (T12-pelvis)
instrumented levels, with T10-pelvis fusion being the most
common (13%, Fig. 5). All considered sagittal alignment
parameters showed significant changes from preoperative
to postoperative (Table 1). The sample covered a range of
sagittal deformity severities: classifying according to the
GAP score categories, 35% cases showed postoperatively
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proportioned sagittal alignment (GAP <2), 37% moder-
ately disproportioned (3 <GAP <£6), and 28% severely
disproportioned (GAP > 7).

Relationship between realignment
and postoperative change in segmental load

Significant weak-to-moderate correlations (Pearson’s r range:
0.17-0.44 and —0.20 to —0.43) were found between pre-
to-postop changes in some of the alignment measures and
changes in the predicted body-mass-normalized compressive
(ACompr/BM) and shear loads (AShear/BM) at the proxi-
mal segment (Table 2). In particular, the ALL (hence also
ARLL), AGT (ARSA) and AGAP score correlated with both
compressive and shear loads. Changes in: GAP score and all
of its parameters (ARPV, ARLL, ALDI, ARSA), thoracic
angles (AT2-T12, AT5-T12) and in the endplate slope of
the upper instrumented vertebra (AUIV_slope) were associ-
ated with changes in shear force at the proximal segment. A
case illustrating these associations is presented in the Fig. 6.

Postoperative alignment and loads at the proximal
segment

The relationships between the spinal loads at the proximal
segment and postoperative sagittal alignment were analyzed
for T10-pelvis fusion cases (N=27). Spinal loads depend
on fusion location [39], and T10-pelvis fusion was the most
numerous patient subgroup with 27 individuals (Fig. 5).
Significant moderate and strong correlations were found
between postoperative compression and shear forces (nor-
malized to body mass) at the proximal T9-T10 segment and
several alignment measures (GAP, RSA, GT, PI-LL mis-
match, PT, T10-L2, UIV_slope) (Table 3), with global tilt

Table 1 Pre-and postoperative

. . . Preop Postop p-value

radiographic parameters in

the analyzed patient sample. Mean SD Mean SD

Significant differences

(p<0.05), as determined by PI 54.2 12.9

Wilcoxon signed-rank test, are SS 30.9 12.6 33.4 10.2 <.001

highlighted with a bold font PT 232 12.3 208 10.3 <.001
LL 42.6 222 52.0 14.4 <.001
PI-LL 11.6 22.8 2.1 14.3 <.001
L4-S1 34.7 15.1 32.7 9.3 0.038
T2-T12 37.3 19.4 42.8 14.3 <.001
T5-T12 31.2 19.1 34.1 13.1 0.003
T2-T5 9.2 8.7 11.0 7.5 <.002
T10-L2 12.9 17.3 5.8 11.9 <.001
GT 26.5 17.9 21.3 13.2 <.001
GAP 7.2 44 4.3 3.6 <.001

PI—pelvic incidence; SS—sacral slope; PT—pelvic tilt (derived as PI-SS); LL—Ilumbar lordosis (L1-S1);
PI-LL—pelvic incidence—lumbar lordosis mismatch; L4S1—lower lumbar lordosis; T2-T12, T5-T12,
T2-T5—thoracic kyphoses angles; T10-L2—thoracolumbar junctional angle; GT—global tilt; GAP—GAP

score
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Table 2 Univariate correlations between pre-to-postop changes
in loads at the proximal segment and changes in sagittal alignment
parameters, including GAP score and its parameters (RPV, RLL, LDI,
GT), thoracic angles and endplate slope of UIV (with respect to hori-
zontal line)

ACompr (/BM) AShear (/BM)

Pearson'sr  p-value Pearson'sr  p-value
AGAP 0.26 <0.001 0.37 <0.001
ASS (ARPV) —-0.08 0248 —0.20 0.005
ALL (ARLL) -0.23 <0.001 -043 <0.001
ALDI 0.13 0.054 0.17 0.012
AGT (ARSA) 0.26 <0.001 0.38 <0.001
AT2-T12 -0.13 0.058 —0.40 <0.001
AT5-T12 —-0.09 0.176  —0.33 <0.001
AT2-T5 0.01 0.857 0.05 0.519
AT10-L2 -0.13 0.061 —0.03 0.685
AUIV_slope 0.17 0.014 0.44 <0.001

(Note that RPV depends on the ratio of patient’s SS to PI, so its
postop-preop change is de facto ASS, assuming PI is unchanged after
surgery. Following similar logic, also ARLL ~ ALL, and ARSA =
AGT). Significant correlations (corrected p-value <0.0139, found by
controlling the false discovery rate at 5% level in multiple hypotheses
testing using Benjamini-Hochberg method) are highlighted with a
bold font

(and consequently RSA, measure based on GT) showing the
strongest associations with loads (Fig. 7).

Fig.6 An example patient case illustrating the associations between
the change in alignment and change in loads at the adjacent segment.
Sagittal alignment measures (listed in the table) were obtained from
the annotated radiographs (A, B) and served to construct patient
preoperative C and postoperative D models. Loads calculated at the
T11-T12 intervertebral disc space proximal to the T12-Pelvis fusion
(fusion shaded in gray) in the postoperative model and at the same
level preoperatively (T12 vertebra marked for reference in pink in the

Discussion

Mechanical complications after adult spinal deformity sur-
gery remain a problem affecting patient outcomes. Spinal
sagittal alignment has been recognized as a risk factor, and
has been proposed as a predictor of mechanical complica-
tions risk, e.g., by a scoring system of Global Alignment
and Proportion (GAP). The aim of the current study was
to explore the possible underlying biomechanical causes
related to sagittal malalignment leading to mechanical com-
plications through the analysis of model-predicted loads at
the proximal segment in relation to postoperative alignment
and the extent of surgical realignment. Loads acting on the
spine after spinal fusion surgery may negatively affect proxi-
mal segment. Excessive compressive loads may cause verte-
bral body fractures [43, 44], while shear overload may lead
to facet joint injuries and pedicle fractures [45] or contribute
to screw pull-out.

Changes in alignment from preoperative to postoperative
found in this study were weakly-to-moderately associated
with changes in loads, and moderate correlations were found
between postoperative alignment and postoperative loads in
T10-pelvis fusion cases. These results suggest that biome-
chanical loads are influenced by postoperative changes in
alignment, in particular global balance, and likely contribute
to the risk of developing mechanical complications. Their

Preop Postop A

- L4 T12
& g Liv S1 Pelvis
Pl 42°
SS 25° 30° +5°
g»_ LL 23° 54° +31°
& st 20° 420 +22°
% GT 23° 8° -15°
a
T T2T12 16° 490 433
% T5-T12 24° 41° +17°
3 T2 1 0° -1
T10-L2 16° 2° -14°
UIV slope 3° -28° -31°
GAP score 9 0 -9
GAP category severe  aligned
E g T11-T12 Compr/BM [N/kg] ~ 7.41 547 -1.94
ﬁ % T11-T12Shear/BM [N/kg] 039 -0.89 -1.28

figure C) are presented in the table. In this patient case, the surgery
resulted in markedly improved alignment, as reflected in the restored
LL and decreased GT and GAP score. The compressive load at the
adjacent segment (T11-T12) predicted by the musculoskeletal model
was 26% lower than the preoperative load at this level. Model-pre-
dicted shear changed direction from anterior to posterior and doubled
in magnitude
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Table 3 Univariate correlations between postoperative loads (normal-
ized to BM) at the T9T10 proximal segment and sagittal alignment
parameters

Compr (/BM) Shear (/BM)

Pearson's r p-value Pearson's r p-value
GAP 0.51 0.007 0.51 0.007
RPV -0.20 0319 -0.27 0.169
RLL -0.38 0.049 -0.29 0.135
RSA 0.69 <0.001 0.62 <0.001
LDI 0.26 0.186 —0.04 0.846
GT 0.75 <0.001 0.73 <0.001
PI-LL 0.51 0.007 0.44 0.021
LL -0.17 0404  —-0.06 0.752
SS 0.07 0.719 0.07 0.716
PT 0.41 0.031 0.56 0.003
L4-S1 -0.19 0.351 -0.18 0.378
T2-T12 0.31 0.115 0.20 0.313
T2-T5 -0.13 0.516  —-0.29 0.136
T5-T12 0.34 0.083 0.26 0.191
T10-L2 0.58 0.002 0.53 0.004
UIV_slope 0.67 <0.001 0.48 0.012

Significant correlations (corrected p-value <0.0123, found by con-
trolling the false discovery rate at 5% level in multiple hypotheses
testing using Benjamini-Hochberg method) are highlighted with a
bold font

exact role, which could explain the relationship between
sagittal alignment measures (such as GAP score), and the
risk of proximal junction complications should be further
evaluated in future studies.

The relationship between postoperative loads and sagittal
alignment has been explored in previous modeling studies
focused on short (1 or 2 levels) lumbar fusions [33, 34].
Shear loads at the segment adjacent to L4-L5 fusion were
found to be markedly affected by the alignment change due

to fusion, with increased shearing predicted for hypolordotic
fusion angles and decreased shear for hyperlordotic (with
respect to preoperative angle). The negative correlation
found in the current study between pre-to-postop change in
lumbar lordosis angle and change in shear at the adjacent
segment (r= —0.43, Table 2) indicates a similar relationship
in long spinal fusion constructs (>4 spinal levels). Although
here the adjacent segment is more distant from the lumbar
region, the amount of lordosis influences the antero-poste-
rior position of the trunk center of mass and the inclination
of the adjacent segment, affecting in turn flexion moments
to be balanced by the muscles, and therefore the predicted
loads.

By modeling full spinal sagittal profiles, this work
investigated how the adjacent segment loading conditions
are impacted not only by local or regional but also global
measures of sagittal alignment. The postoperative improve-
ment in GAP score was found to be weakly and moder-
ately associated with the changes in compression and shear
loads, respectively, and the change in relative lumbar lor-
dosis (ARLL ~ ALL) and relative spinopelvic alignment
(ARSA =~ AGT) seemed to be the GAP score parameters
influencing this relationship the most. The change in lumbar
curvature distribution (ALDI) and change in relative pelvic
version (ARPV =~ ASS) were correlated with the postop-
erative change in loads only weakly (r<0.2) or not at all.
Postoperative changes in shear seemed to be associated also
with changes in global (T2-T12) and lower (T5-T12) tho-
racic kyphosis angles. Some studies have found increased
postoperative thoracic kyphosis to be associated with [46]
and predictive of the development of PJK [47]. Our results
indicated as well that realignment resulting in a pronounced
change in the UIV endplate slope (in either direction) might
cause an unfavorable change in loading conditions at the
proximal segment. A corresponding large change in shear
likely affects load vector direction and may initiate fracture
in the vertebrae, as trabecular structure is more vulnerable
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under off-axis loads [48]. The orientation of the UIV seg-
ment postoperatively has been the subject of clinical consid-
eration as a risk factor for PJK [49], but the relative change
with respect to preoperative alignment and its role in com-
plication risk have not been assessed.

In the analysis of adjacent segment loads in the subgroup
of T10-pelvis fusion cases, global sagittal alignment meas-
ures, i.e., GT and GAP, correlated moderately to strongly
with compressive (r=0.75, and 0.51, respectively) and shear
(r=0.73 and 0.51) forces (Table 3, Fig. 7). While strong
associations were found between the adjacent segment
forces and global tilt (hence derived RSA, GAP parameter),
no significant correlations were found with RPV, RLL or
LDI (i.e., other GAP parameters). It is possible that these
GAP parameters are of higher relevance for loads in fusion
cases other than T10-pelvis fusions considered here, as the
GAP scoring system was developed as a more universal tool
evaluated for use with a wider variety of surgical cases. The
imbalance in respective relevance of GAP measures might
explain the discrepancies between the studies evaluating
GAP score validity in different patient cohorts with various
sagittal profile characteristics (e.g., [9-12, 21, 24]).

Study limitations

1. Absolute loads (rather than changes in loads) analysis
was carried out only for the T9-T10 segment being the
adjacent segment to T10-pelvis fusion, possibly limiting
generalizability of the conclusions. On the other hand,
T10-pelvis represents one of the most common selection
of fusion levels.

2. Changes in loads were analyzed collectively for vari-
ous adjacent segment levels, although they might be
influenced by the spinal level, as well as the extent and
location of fusion. (For example, it is possible that post-
operative change in compressive loads might be greater
for cases with more caudal UIV, since caudal segments
generally carry greater loads to begin with.)

3. Only forces at the proximal segment were analyzed,
allowing interpretation of the results in the context of
PJK or PJF risk only. This needs to be noted particularly
when interpreting relationships to GAP score, which was
designed to predict other mechanical complications as
well (distal segment problems and implant-related com-
plications) that are likely unrelated to loads at the proxi-
mal segment.

4. Reconstruction of patient posture in the spine model was
based on several global and regional measures obtained
from radiographs, but the intervertebral angles were
only estimated, assuming even distribution of the curva-
ture among constituting segments. This might have led
to inaccuracies in representing the true patient-specific

vertebral alignments (e.g., note more even distribution
of kyphosis in the model compared to the radiographs
in the example case presented in the Fig. 6), although
it remains questionable whether this would have a large
impact on the prediction of spinal loads. The inaccuracy
in vertebral orientation might influence the predicted
load direction (i.e., shear component relative to com-
pression), but the overall biomechanics and predicted
load magnitudes are not expected to be greatly influ-
enced (thoracic and global measures were taken into
account, which should provide a good approximation
of the gravity moments in the model).

The study focused solely on mechanical loads related
to sagittal alignment, as possible risk factors for post-
operative mechanical complications, disregarding likely
contribution of other factors. Mechanical failure occurs
when the tissue and / or implant strength is not sufficient
to withstand loads acting on it. A variety of biological,
mechanical and surgical factors affects this relationship
and can result in a catastrophic failure. For example,
low bone mineral density [50, 51] smoking and comor-
bidities reported to affect the complication risk [52] are
likely related to compromised tissue health and ability
to sustain load. Such factors have not been considered in
this work (nor are they accounted for in the GAP score).
Beside sagittal alignment, body weight and height, no
other patient-specific characteristics were included in
the musculoskeletal model. Body weight and height
are relevant, as BMI has been found to be related to
adjacent segment degeneration [53] and complications
[52]. However, disregarding the effects on spinal loads
of patient-specific properties of muscles (including their
maximum force generating capacity) and ligaments as
well as intervertebral disc degeneration constitutes a
limitation. In particular, the role of the musculature in
the maintenance of sagittal alignment [54, 55] and proxi-
mal segment pathology has been reported [51, 55], and
muscle health affects spinal loads in a degenerated [56]
or surgically treated [57] spine.

The analyses were performed only for static upright
posture. It is possible that some postural traits have
implications for movement and transfer of forces dur-
ing dynamic activities (beyond the scope of this study)
that can contribute to mechanical complications. Future
modeling work should be performed to simulate various
sagittal alignment types during dynamic motion tasks.
The musculoskeletal model used was previously vali-
dated in terms of predicted loads at selected body pos-
tures and spinal levels in healthy subjects only [35, 36].
Further validation remains extremely challenging due
to the limited data available and invasiveness of the
measurements required. However, the validation works
performed to date have shown correct trends in the
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predicted loads, indicating that the model components
interact with each other in the expected manner, which
supports the assumption of model suitability to analyze
other conditions.

Extending the analysis to a larger clinical cohort and
including factors other than alignment (especially measures
of frailty, indicative of tissue health) and simulating motion
tasks could allow quantification of the relative role that sag-
ittal alignment plays via modulation of spinal loads in devel-
oping complications. More generally, the analysis of spinal
loads could help to elucidate potential mechanisms explain-
ing the progression of spine degeneration, with spine shape
as a mechanical factor [58]. Nevertheless, this study high-
lights the importance of considering the sagittal alignment
in the treatment of spinal disorders [59]. It also demonstrates
the value of musculoskeletal modeling in investigating the
complex biomechanics of spinal sagittal alignment, which is
highly variable between individuals [31] and influenced by
pathological and compensatory changes [58, 60].

Conclusion

To the authors' knowledge, this is the first study of spinal
loads estimated for real patient-specific spinal alignment
profiles in a large ASD patient cohort pre-and postopera-
tively. The results indicate that global and local alignment
measures, interconnected through spine congruency and
geometrical relationships, influence the loads on the proxi-
mal segment. Specifically, pre-to-post-operative changes in
GAP, GT (hence RSA), LL (hence RLL) and UIV slope were
associated with changes in compressive load, and almost
all considered sagittal alignment measures correlated with
changes in shear. In a subset of T10-pelvis fusion cases,
postoperative GT, UIV slope, GAP and T10-L2 angles were
associated with both postoperative compressive and shear
loads. In other words, sagittal imbalance and malorienta-
tion of proximal vertebra after fusion were associated with
greater compression and shear forces on the UIV level.
Broader analyses of larger clinical samples should be per-
formed in the future to unravel whether or not (or to what
degree) spinal loads provide a causal mechanism explaining
the previously reported association between sagittal align-
ment and mechanical complications.
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