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Systematic Review of Reciprocal Changes after Spinal
Reconstruction Surgery : Do Not Miss the Forest for the Trees
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The purpose of this review was to synthesize the research on global spinal alignment and reciprocal changes following cervical or
thoracolumbar reconstruction surgery. We carried out a search of PubMed, EMBASE, and Cochrane Library for studies through May
2020, and ultimately included 11 articles. The optimal goal of a truly balanced spine is to maintain the head over the femoral heads.
When spinal imbalance occurs, the human body reacts through various compensatory mechanisms to maintain the head over the
pelvis and to retain a horizontal gaze. Historically, deformity correction has focused on correcting scoliosis and preventing scoliotic
curve progression. Following substantial correction of a spinal deformity, reciprocal changes take place in the flexible segments
proximal and distal to the area of correction. Restoration of lumbar lordosis following surgery to correct a thoracolumbar deformity
induces reciprocal changes in T1 slope, cervical lordosis, pelvic shift, and lower extremity parameters. Patients with cervical kyphosis
exhibit different patterns of reciprocal changes depending on whether they have head-balanced or trunk-balanced kyphosis.
These reciprocal changes should be considered to in order to prevent secondary spine disorders. We emphasize the importance of
evaluating the global spinal alignment to assess postoperative changes.
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INTRODUCTION

Sagittal spinal alignment has been extensively investigated
using radiographs, computed tomography, and magnetic reso-
nance imaging, and several important findings have been re-
ported. In recent years, many surgeons have focused on align-
ment of the whole skeleton. The optimal goal of a well-
balanced spine is to maintain the head over the femoral
heads™. When spinal imbalance occurs, the human body re-

acts through various compensatory mechanisms to maintain

an erect posture, with the head over the pelvis, and to retain a
horizontal gaze"'”. These compensations occur not only
through mobile spine segments, but also pelvic tilt (PT) and
the lower extremities”. In primary thoracolumbar deformi-
ties, the loss of lumbar lordosis (LL) is accompanied by an in-
creased PT, cervical hyperlordosis, knee flexion, and ankle
dorsiflexion. To evaluate and treat these aspects of global
alignment, a whole skeletal image is needed, not a whole spi-
nal image.

Surgical correction of spinopelvic malalignment can result
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in compensatory changes in spinal alignment beyond the
fused spinal segment, which are termed reciprocal changes. A
single change in one segment induces a change in the recipro-
cal segment due to the flexibility of the spine”. Alteration of
cervical or thoracolumbar lordosis is associated with pain and
accelerated disc degeneration’. However, some surgeons
overlook global spinal alignment (GSA) changes after cervical
or thoracolumbar reconstruction surgery. In reconstruction
surgery for conditions such as cervical spine deformity (CSD)
or degenerative thoracolumbar spine, there has been a tenden-
cy to focus on the regional curve at the operative level using
intraoperative positioning, cages, rods, and osteotomy proce-
dures™. Some studies have investigated reciprocal changes in
cervical and lower extremity alignment after thoracolumbar
surgery or in thoracolumbar alignment after cervical sur-
gery™'**** However, no review article on this topic has yet
been published. This study was designed to provide a compre-
hensive overview of reciprocal changes and to emphasize the
importance of evaluating global skeletal changes after surgery

using EOS (EOS™ Imaging, Paris, France).

MATERIALS AND METHODS

We carried out a search of PubMed, EMBASE, and Cochrane
Library for studies published through May 2020, using “spinal

» o« » o«

deformity,” “sagittal alignment,” “sagittal balance,” and
“change” as search terms. In total, 75 studies were found. Case
reports and articles that did not focus on reciprocal changes in
GSA after deformity correction were excluded. Eleven articles

were ultimately included in this review (Table 1).

Importance of global sagittal alignment in treat-
ing spine deformity

Sagittal malalignment causes pain and diminished health-
related quality of life (HRQOL) in spinal deformity pa-

101429 Historically, deformity correction has focused

tients
on correcting scoliosis and preventing scoliotic curve progres-
sion. Spinopelvic and lower extremity parameters have been
relatively in frequently evaluated when treating spinal defor-
mities. Compensatory mechanisms are recruited not only in
the spinal segment, but also in the pelvis and lower extremities
to maintain a horizontal gaze with an erect spine**”. To evalu-

ate sagittal plane alignment, regional/global spinal-, spinopel-
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vic alignment, and compensated knee and ankle flexion
should be evaluated". The pelvis is important as an interpo-
lated unit between the spine and the lower extremities. Failure
to account for pelvic alignment when treating a spinal defor-
mity increases the risk of spinal misalignment, decompensa-
tion, and treatment failure”. The reciprocal change of cervical
lordosis (CL) following deformity progression in the thoraco-
lumbar spine is significantly correlated with axial pain and
accelerated disc degeneration'®. Therefore, these changes of
the mobile cervical spine in patients with a thoracolumbar de-
formity should be considered in order to prevent secondary
cervical spine disorders.

Some realignment goals have been established for deformity
correction surgery, including C7 sagittal vertical axis (SVA) (sag-
ittal distance between the C7 plumb line (PL) and the vertical line
through the postero-superior corner of the SI endplate) <50 mm,
PT <22° and pelvic incidence (PI) — LL <£9°". However,
since there are no clear goals to be achieved in terms of CL,
and it has become a generally accepted rule to correct cervical
kyphosis to be as close to neutral as possible. A trend has
emerged to define cervical sagittal alignment parameters sim-
ilar to the accepted C7 SVA, which is traditionally used to
measure sagittal alignment of the thoracolumbar spine™. T1
slope (TS), thoracic inlet angle, the C2 PL, and chin-brow to
vertical angle (CBVA) are also being used with increasing fre-
quency”™*”. The CBVA is defined as the angle subtended be-
tween a line drawn from the patient’s chin to brow and a ver-
tical line. Evaluating the CBVA requires a clinical whole
skeletal photograph of the patient standing with hips and

knees extended while the neck is in the neutral position™**.

EOS™ imaging

EOS is a system that uses a gas particle detector using a
multiwire proportional chamber, for which the Nobel Prize
was awarded in 1992. The chamber, which generates a second-
ary flow of electrons, is placed between the X-ray and the dis-
tal detector. This in turn stimulates the distal detector that
gives rise to the digital image. This secondarily increase in
photons explains how a low-dose primary X-ray beam is suf-
ficient to display a high-quality digital radiograph*”. Conven-
tional radiography causes distortion between the center and
the edges of the radiograph, which increases the risk of size
measurement error for structures located far from the central

region”. The major advantage of the EOS system is that it en-
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ables single-shot X-ray imaging of the spine, pelvis, and lower
extremities under weight-bearing condition without image
distortion. The image distortion and standard error of mea-
surement of the EOS only accounted for 0.5% to 1.5% of the
total length measurement. Thus this variability would likely
have minimal clinical impact in comparison to 15% in con-
ventional X-ray"”. This system takes simultaneous anteropos-
terior and lateral two-dimensional images of the entire body
and makes it possible to obtain a three-dimensional recon-
struction of the bones with a relatively low dose of radiation
(50—80% less than that of conventional X—rays)m.

Assessment of the whole axial skeleton using EOS
imaging

The “cone of economy” concept refer to a stable region in
the standing posture that requires a minimum of muscle ac-
tivity in normal conditions'". Hasegawa et al.”’ reported the
standing sagittal alignment of whole axial skeletons using
EOS in 158 healthy human volunteers (mean age, 39.7 years;
range, 20—69 years). They defined the center of the head as the
center of acoustic meatus (CAM) (Fig. 1). The gravity line
(GL), defined as a line through the center of vertical pressure,
was measured by a force plate (ANIMA®, Tokyo, Japan). The
mean offset of the CAM was 0. The mean offset of the cervi-
cal and thoracic vertebrae was posterior to the GL with the
apex of thoracic kyphosis at T7. Thoracic kyphosis changed to
LL at the level of L2. The alignment changed to posterior
through the apex of the LL at L4, and the base of the sacrum
was just posterior to the GL. The hip axis was 1.4 cm anterior
to the GL, the knee was 2.4 cm posterior to the GL, and the
ankle was 4.8 cm posterior to the GL.

Posterior shifting of the lower lumbar vertebrae and sacrum
increases with age, inducing loss of lordosis and an increase in
PT. The C7 SVA increases with age. No correlation has been
found between CAM—-GL and age. Aging induces trunk
stooping, but the global alignment compensates for by an in-
crease in CL, PT, PI and knee flexion. This suggests that the
horizontal gaze remains constant with age in healthy humans
despite trunk stooping by compensatory changes in the cervi-
cal region, pelvis, and lower extremities.

Previously, PI has been believed to remain consistent with
age. PI reflects the anatomical configuration of the pelvis and
is an important parameter of sagittal balance that provides a

target for optimal LL in thoracolumbar reconstruction sur-
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Average
Pt Bagatiod OfSet oM 1 9554 Gl owerupper) o)

ST CAM 00(-03/04)
c2 -03(-06/01)
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Cen:::rzanje o 07 (09104)

Hip axis 14(11/16)

Knee 24(2721)

center Ankle -48(-5.0/-45)

Fig. 1. Normative offset distance between bony landmarks and the
gravity line"”. Positive means anterior to the gravity line and negative
means posterior to the gravity line. CAM : center of acoustic meatus, Cl :
confidence interval.

gery. Since the sacroiliac joint is thought not to move, PI has
been considered to stable with age. However, some recent

studies found that PI tended to increase with age'*". It is



thought that movement of the sacroiliac joint might increase

due to osteoarthritic changes, but further study is needed.

Thoracolumbar reconstruction surgery affects
GSA

Patients with thoracolumbar malalignment exhibit com-
pensatory changes, including cervical hyperlordosis, pelvic
shift, knee flexion, hip extension and pelvic retroversion™”. Ha
et al.' studied 49 patients undergoing thoracolumbar spine
surgery results in reciprocal changes in GSA. They suggested
that cervical alignment is affected by thoracic regional align-
ment, and that GSA and reciprocal changes are correlated
with the magnitude of sagittal deformities. TS is correlated
with the CL and the C7 SVA. Changes in the C7 SVA after
surgery induce changes in TS, which may serve as a driving
force for inducing reciprocal changes in cervical alignment.
TS has been demonstrated to be the radiologic parameter
most closely correlated with the C7 SVA in other studies™.
Patients with a low preoperative C7 SVA group (C7 SVA =6
cm) tended to have hypolordotic cervical curvatures (low TS
and CL) and to have increased CL after surgery, whereas those
with a high C7 SVA group (C7 SVA =9 c¢m) had a high TS
and CL preoperatively and decreased CL after surgery. CL in-
creases after larger iatrogenic reductions in thoracolumbar
spine surgery.

There is a reciprocal relationship between LL and thoracic
kyphosis. Thoracic kyphosis and pelvic retroversion can cor-
rected after restoration of LL”. Reciprocal reduction occurs in
PT and C7 SVA in response to increases in LL. Posterior pelvic
shift, knee flexion and hip extension also decrease when sagit-
tal malalignment is corrected. The magnitude of the T1 pelvis
angle is strongly correlated with reciprocal changes in the
knee angle, hip extension, and posterior pelvic shift (Fig. 2)”.

Several studies have investigated spontaneous improve-
ments in cervical alignment after lumbar pedicle subtraction
osteotomy (PSQ)**>*4

LL. LL restoration induces a decreased need for compensation

. Lumbar PSO significantly improves

at the thoracic spine and pelvis. After lumbar PSO, thoracic
kyphosis and sacral slope increase, and PT, PI-LL, knee flex-
ion, and SVA decrease. In the cervical area, reciprocal changes
lead to reductions in CL and TS following surgery. There is a
significant decrease in distal CL because there is no more need
for compensation within the distal cervical spine to maintain

horizontal gaze, whereas there is no significant decrease in

EOS Evaluation and Spinal Alignment | Kim CW, et al.
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Fig. 2. Whole body image of thoracolumbar malalignment (left)
exhibiting cervical hyperlordosis, posterior pelvic shift and knee flexion.
Postoperative whole body image of the same patient (right) exhibiting
restoration of lumbar lordosis (from 1.6° to 65.2°) with reciprocal changes
in thoracic kyphosis (from -4.9° to 37.2°) cervical lordosis (from 23.1° to
9.5°), pelvic tilt (from 33.1° to 12.3°), knee flexion (from 9.5° to 3.6°) and
ankle dorsiflexion (from 7.4° to 0.7°).

proximal CL following surgery.

Assessment of cervical spinal deformity

Ames and colleagues’ made a meaningful attempt to create
a comprehensive classification of CSD using a modified ver-
sion of the Delphi approach. The proposed classification in-
cludes a basic deformity descriptor and modifiers based on
clinical relevance and impact on patient HRQOL. This classi-
fication provides a mechanism to assess CSD with GSA and
clinically relevant parameters. The authors defined C2—C7
SVA, horizontal gaze, TS—CL, myelopathy and the Scoliosis
Research Society (SRS)-schwab classification as five modifiers.
First, regarding C2—C7 SVA, Tang and colleagues” reported
that C2—C7 SVA was negatively correlated with SF-36 physical
component scores and positively correlated with Neck disabil-
ity index (NDI) scores. Second, for horizontal gaze, significant
correlations were found between C2—C7 SVA and C1-C2 lor-

J Korean Neurosurg Soc 64 (6] : 843-852 847
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. 43
dosis*’

. C1-C2 alignment is the terminal link between the
cranium and the cervical spine to regulate the angle of the
gaze. A CBVA of 10° has been described as an optimal tar-
get”. Third, for TS—CL, the relationship between TS and CL
is similar to the relationship between PI and LL, in that a
greater TS requires a greater CL for harmonious alignment™”,
Hyun et al."” reported that TS—CL was strongly correlated
with disability. Fourth, myelopathy may occur in patients
with CSD due to direct compression resulting from spondy-
lotic changes and the deformity itself. The development of
myelopathy has been associated with progressive cervical ky-
phosis and positive sagittal cervical malalignment (C2—C7
SVA)™. Fifth, regarding the SRS-Schwab classification, cervi-
cal deformities contribute to thoracolumbar deformities.
Thus, it is apparent that surgeons should not only focus on
cervical alignment, but also on GSA. Adults with positive sag-
ittal spinopelvic malalignment tend to compensate with ab-
normally increased CL in an effort to maintain horizontal
gaze. The assessment and classification of CSD should not oc-

cur in isolation, which is why the alignment of a thoracolum-

Cervical deformity classification

Deformity descriptor

*(C- Primary sagittal deformity
apex in cervical spine

CT- Primary sagittal deformity
apex at cervico-thoracic junction

*T-  Primary sagittal deformity
apex in thoracic spine

*S- Primary coronal deformity
(C2-C7 Cobb angle >15°)

* CVJ- Primary cranio-vertebral
junction deformity

bar spinal deformity was selected as a modifier for the CSD
classification. Therefore, a full-length lateral radiograph is
needed even when evaluating a cervical deformity.

Recently, Hyun et al."”’ suggested revised modifiers (Fig. 3).
The authors investigated the validity of a CSD classification
system using long-term follow-up data. They studied 30 con-
secutive patients with average follow-up period for 7.3 years.
They demonstrated that C2—C7 SVA values of 4 cm and 7 cm
were correlated with moderate and severe disability based on
NDI scores. The authors found that C2—C7 SVA values of 4
cm and 7 cm corresponded to TS—CL values of 20° and 25°,
respectively. TS—CL mismatch was significantly associated
with disability and cervical malalignment. Therefore, a TS—
CL less than 20° might be used for preoperative surgical plan-

ning, similar to a PI-LL less than 9°.

Cervical reconstruction surgery affects GSA
Only a few authors have analyzed the effect of GSA changes
after cervical reconstruction surgery™"”. Cervical sagittal im-

balance causes significant impairment due to the inability to

— *C2-C7 sagittal vertical axis (SVA)
+0:02-C7SVA<4cm
+1:02-C7SVA4-7cm
+2:02-C7 SVA<7 cm

« Horizontal gaze
+(0:CBVA1°-10°
+1:CBVA -10°-0°or 11°-25°
*2:CBVA<-10° or >25°

« Cervical lordosis minus T1 slope
*0:TS-CL <20°
*1:TS-CL 20°-25°
*2:TS-CL >25°

5 modifiers

* Myelopathy
+0: mJOA=18 (none)
+1: mJOA=15-17 (mild)
+ 2: mJOA=12-14 (moderate)
*3:mJOA <12 (severe)

 SRS-schwab classification
*T.L.D, orN:Curve type
* 0.+ 0r++: Pl minus LL
* 0,4 0r++: Pelvic tilt

— *0.+ 0r++:C7-S1 SVA

Fig. 3. Revised cervical spinal deformity classification system'®, which consists of a deformity descriptor and five modifiers. T : thoracic major, CBVA :
chin-brow to vertical angle, TS : T1 slope, CL : cervical lordosis, mJOA : modified Japanese Orthopaedic Association, SRS : Scoliosis Research Society, L :

lumbar major, D : double, N : no scoliosis, LL : lumbar lordosis.
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gaze horizontally and is associated with poorer HRQOL™*".

Mizutani et al.” recently reported on the effects of cervical
reconstruction surgery on thoracolumbar alignment changes.
The C7 PL and GL are usually concordant, and GL is mea-
sured as the center of gravity of the head plumb line (COG
PL). A distance between COG PL and C7 PL over 30 mm is
defined as occiput-trunk (OT)-discordance. Compensation in
primary cervical kyphosis occurs via posterior shifting of C7
SVA, a small TS, and large LL. The goal of cervical reconstruc-
tion surgery is therefore to achieve OT-concordance and cer-
vical sagittal balance. COG PL and C7 PL move onto the fem-
oral head as needed to achieve OT-concordance™. Subsequent
thoracolumbar alignment changes occur as needed to harmo-
nize GSA.

Reciprocal changes after cervical reconstruction surgery de-
pend on whether patients have head-balanced (compensated)
or trunk-balanced (decompensated) kyphosis (Fig. 4). Head-
balanced kyphosis is characterized by a head position on the
femoral head with posterior shifting of the C7 PL, hypoky-
photic thoracic curve, straightened thoracolumbar junction,
and lumbar hyperlordosis. The preoperative posterior shifted
C7 PL moves anteriorly after surgery, and subsequently TS
and the thoracic curve increase while LL decreases. However,
pelvic and lower extremity parameters do not change after
kyphosis correction (Fig. 5). In the trunk-balanced kyphosis,
the COG PL is anteriorly shifted, which causes the C7 PL to

’ Cervical kyphosis ‘

v

’ Location of C7 PL ‘
C7 PL posterior shifting ] C7 PL on the pelvis \
from the pelvis
¢ \d
’ Compensated CK ‘ ’ Decompensated CK ‘
" LargeLL . * Normal or small LL
« Small or negative value of « Normal range of PI_LL
PI-LL ge ot
 Small T1 slope *Large T1 siope
. . * Normal or large TK
« Thoracic hypokyphosis

Fig. 4. Compensation mechanisms in patients with symptomatic
primary cervical kyphosis. PL : plumb line, CK : cervical kyphosis, LL :
lumbar lordosis, Pl : pelvic incidence, TK : thoracic kyphosis.

EOS Evaluation and Spinal Alignment | Kim CW, et al.

remain anterior (located on the pelvis) compared to head-bal-
anced kyphosis. These decompensated patients have a large
preoperative TS and low LL. The LL is at the upper limit of
PI-LL harmonization, which is the result of lumbar extension
with maximum effort or lumbar degeneration. There are no
significant changes in thoracolumbar alignment in trunk-bal-
anced patients after kyphosis correction (Fig. 6). While TS and
thoracic kyphosis decrease, spinopelvic and lower extremity
parameters do not change after kyphosis correction. The

COG PL moves posteriorly to achieve better GSA after sur-
gery.

Systematic review of previous studies

We reviewed 11 articles to synthesize the available informa-
tion on GSA and reciprocal changes in healthy humans and
patients with deformities. Only recently has there been wide-
spread recognition of the importance of global imaging of the
spine in the setting of deformities, and only a few studies have
sought to define reciprocal changes in terms of GSA. In some
studies, surgical procedures were not uniform and the follow-
up was short-term. The CSD classification was derived from a
modified Delphi approach and expert opinion. Thus, al-
though initial steps have been taken provide a mechanism to
assess CSD within the framework of GSA, further cohort
studies are needed to validate the classification.

Sagittal malalignment after surgery is a major source of
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Fig. 5. Whole body images of a head-balanced (compensated) patient.
While T1 slope, thoracic kyphosis, and lumbar lordosis changed,
spinopelvic- and lower extremity parameters did not change following
cervical kyphosis correction.
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Fig. 6. Whole body images of a trunk-balanced (decompensated) patient. While T1 slope and thoracic kyphosis decreased, lumbar lordosis, spinopelvic-
and lower extremity parameters did not change following cervical kyphosis correction.

pain and disability. Positive sagittal malalignment was identi-
fied as the radiographic parameter most closely correlated
with adverse health status outcomes'”. There is a significant
correlation between C7 SVA and TS, as well as between LL
and thoracic kyphosis™®. Furthermore, reciprocal changes are
affected by preoperative sagittal alignment. Therefore, when
patients undergo corrective surgery for a deformity, it is im-
portant to evaluate whole-body images both preoperatively
and postoperatively.

Radiographs produced by conventional X-ray, computed
tomography and the EOS can provide reliable and accurate
Cobb angle measurements for scoliosis assessments. None of
the methods systemically underestimates or overestimates the
Cobb angle measurement. However, the static global balance
of a patient cannot be evaluated properly on a conventional
radiograph or computed tomography in which all the ele-
ments of the chain of balance (lower limbs, cervical spine and
head) are not taken into account”. EOS evaluation for the
correction of a deformity would make a big difference in the

preoperative planning and postoperative evaluation.

850 https://doi.org/10.3340/jkns.2020.0234

CONCLUSION

Following the correction of a deformity, reciprocal changes
occur in the flexible segments proximal and distal to the area
of correction. These changes occur not only through mobile
spine segments, but also PT and the lower extremities in order
to maintain a horizontal gaze and the GL™*". Restoration of
LL induces reciprocal changes in TS, CL, pelvic shift, and low-
er extremity parameters following surgery to correct a thora-
columbar deformity. Patients with cervical kyphosis exhibit
different reciprocal changes depending on whether they have
head-balanced or trunk-balanced kyphosis.

The proverb, “Do not miss the forest for the trees” is helpful
when evaluating these reciprocal global alignment changes. It
is better to take “whole-body” films rather than “whole-spine”
images to understand global alignment and the status of com-

pensation.
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