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Over the last few decades, the importance of the sagittal plane and its contour has gained
significant recognition. Through full-body stereoradiography, the understanding of com-
pensatory mechanisms, and the concept of global balance and reciprocal change has ex-
panded. There have been a few reports describing how cervical realignment surgery affects
global spinal alignment (GSA) and global balance. Despite the research efforts, the concept
of reciprocal change and global balance is still perplexing. Understanding the compensatory
status and main drivers of deformity in a patient is vital because the compensatory mecha-
nisms may resolve reciprocally following cervical realignment surgery. A meticulous preop-
erative evaluation of the whole-body alignment, including the pelvis and lower extremities,
is paramount to appreciate optimal GSA in the correction of spinal malalignment. This
study aims to summarize relevant literature on the reciprocal changes in the whole body
caused by cervical realignment surgery and review recent perspectives regarding cervical
compensatory mechanisms.

Keywords: Reciprocal change, Global alignment, Cervical spine, Deformity, Balance,
Odontoid

INTRODUCTION

Over the last few decades, the importance of the sagittal plane
and its contour has gained significant recognition. Through
full-body stereoradiography, the understanding of compensa-
tory mechanisms in patients with spinopelvic imbalance has
progressed rapidly, and the concept of global balance and recip-
rocal change has expanded to the field of the cervical spine and
lower extremities.' The regions of the spine are intertwined
through compensatory mechanisms. When a patient loses an
adequate lumbar lordosis (LL), compensatory mechanisms are
recruited to maintain an upright posture; cervical hyperlordo-
sis, thoracic kyphosis (TK), pelvic retroversion, and knee flex-
ion.”” The sagittal alignment regarding spinopelvic parameters
and reciprocal changes in the thoracolumbar spine has been
well documented.*"?

The essential function of global spinal alignment (GSA) is
the maintenance of global balance, an upright posture, and a
horizontal gaze.” Thus, in the setting of thoracolumbar spinal

deformity, cervical alignment is the final piece affected by GSA
through compensatory mechanisms to maintain a horizontal
gaze.*"'® Likewise, recent studies report that cervical kyphotic
deformity showed compensatory changes in the thoracolumbar
spine, analogous to the changes that occur in thoracolumbar
deformity.'** At the regional level, the upper cervical spine com-
pensates for C2-7 angle through the extension of C0-2, thereby
maintaining the patient’s horizontal gaze.”>”

Understanding the compensatory status of a patient is vital
because the compensatory mechanisms may resolve reciprocal-
ly following cervical realignment surgery which correlates with
improved patient outcome.'** Despite the efforts, understand-
ing and anticipating the reciprocal changes that occur following
realignment surgery is perplexing. Further, a new approach
should be taken into account to comprehend reciprocal chang-
es. This study aims to summarize relevant literature on the re-
ciprocal changes in the whole body caused by cervical realign-
ment surgery and review recent perspectives regarding cervical
compensatory mechanisms.
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COMPENSATORY MECHANISMS OF THE
SPINE AND GLOBAL BALANCE

It is critical to understand the compensatory mechanisms and
global balance of the spine beforehand as reciprocal change is a
dynamic phenomenon. The sagittal balance reflects the spine’s
shape, allowing individuals to maintain a standing position with
minimal muscle force. The spine adapts to different changes in
order to stay in balance. The normal aging process induces trun-
cal stooping.**** To adapt to morphological variations that oc-
cur in the spine, several compensatory mechanisms are imple-
mented to maintain optimal GSA (Fig. 1).” The aging-related
deterioration of the GSA is compensated by supportive func-
tions of the spine, pelvis, and lower limbs."” The compensations
happen to refrain from the anterior shifting of the gravity line
(GL). The compensatory mechanisms do not occur simultane-
ously but are closely associated depending on the stiffness of
the spine, musculature status, painful phenomena, and severity
of the imbalance.” All mechanisms integrate with different ways
depending on each individual.

In patients with spinal pathologies, compensatory mechanisms
from the thoracolumbar to the cervical spine and lower extremi-
ties occur in a staged fashion to maintain horizontal gaze and
global balance.” In patients with spinal deformity at any level,
initial compensatory mechanisms usually initiate adjacent to
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Fig. 1. Compensatory mechanisms for age-related progressive
kyphosis. This schematic illustration demonstrates the same
person aging from left to right. When he ages, lumbar lordo-
sis decreases, which results in a combination of different com-
pensatory mechanisms to maintain horizontal gaze and global
balance. TK, thoracic kyphosis.
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the deformity. After the exhaustion of the adjacent compensa-
tory reservoir, the next adjacent segments are subsequently re-
cruited to maintain an erect posture and balance.” Roussouly
and Pinheiro-Franco® hypothesized the following sequential
mechanism of compensation of progressive kyphosis: (1) a nor-
mal stage with slight pelvic retroversion and the C7 plumb line
(C7PL) over the sacral endplate, (2) a compensated stage, with
a progressive loss of LL and pelvic retroversion to maintain the
C7PL posterior to the femoral heads; and (3) a decompensated
stage, wherein hip extension limits pelvic retroversion, which is
compensated by knee flexion, and the C7PL passes forward to
the femoral heads. With the hips maximally extended and the
knees flexed, the last posture is well-known in severe kyphosis
and is very uncomfortable and uneconomical.’® Accordingly,
patients with thoracolumbar malalignment exhibit compensa-
tory changes in the form of cervical hyperlordosis, posterior
pelvic shift, ankle dorsiflexion, knee flexion, hip extension, and
pelvic retroversion.”” In addition, recent investigations have
shown that cervical alignment is also affected by GSA through
compensatory mechanisms to maintain an upright posture and
horizontal gaze.*"*'"* Changes in cervical kyphosis (CK) reduce
TK to correct alignment and maintain cone of economy of glob-
al spinal balance. To compensate for CK, posterior shifting of
the C7PL, a decrease in T1 slope (T1S), and an increase in LL

532

occurs.>” Therefore, to truly understand a patient’s state of bal-

ance, it is necessary to evaluate GSA because the compensatory
mechanism for global malalignment is present.”

For an overall assessment of a patient with spinal imbalance,
radiography of the entire spine with a standardized position
(hands resting on collar bones) is mandatory.*>** Radiographs
to analyze the overall sagittal balance including the lower limbs
can be made with the EOS imaging system (EOS Imaging, Par-
is, France). The EOS system was developed to overcome the
limitations of conventional radiography by interdisciplinary in-
vestigators." Using the 3-dimensional bone external envelope
technique, EOS allows bilateral long-length images (whole-body
or localized) in either the standing or seated position, with over-
all enhanced image quality and a lower radiation dose for the
patient.”>* Through whole-body radiographs, our understand-
ing of the global balance and reciprocal changes in the cervical
spine and the lower extremities became more profound.

Global balance can be determined by the position of the GL,
defined as a plumb line from the center of the acoustic meatus
(CAM)."* The normal location of bony landmarks in standing
whole-body radiographs in reference to the GL has been report-
ed using the EOS imaging system (Fig. 2)."” It has been proposed
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Off-set from 132?5;25)%23)
CAM 0.0 (-0.3/0.4)
2 0.3 (-0.6/0.1)
C3 -0.6 (-0.9/-0.2)
C4 -0.9 (-1.2/-0.6)
C5 -1.2 (-1.5/-0.9)
c6 1.5 (-1.8/-1.2)
c7 1.8 (-2.1/-1.6)
Tl 24 (-2.7/-2.1)
T2 -3.1(-3.4/-2.9)
T3 -3.8 (-4.1/-3.5)
T4 -4.3 (-4.6/-4.1)
T5 4.7 (-5.0/-4.5)
Té6 4.9 (-5.2/-4.7)
T7 5.0 (-5.2/-4.7)
T8 -4.8 (-5.0/-4.5)
T9 -4.4 (-4.7/-4.2)
T10 -4.0 (-4.3/-3.7)
T11 34 (-3.7/-3.1)
T12 2.6 (-2.9/-2.3)
Ll 1.7 (-1.9/-1.4)
L2 -0.6 (-0.9/-0.4)
L3 0.2 (0.0/0.5)
L4 0.6 (0.3/0.8)
L5 0.0 (-0.3/0.2)
Central base 0.7 (-0.9/-0.4)
of sacrum
Hip axis 1.4 (1.1/1.6)
Knee -2.4(-2.7/-2.1)
center Ankle -4.8 (-5.0/-4.5)

Fig. 2. Normative offset distances between bony landmarks
and the gravity line. Positive values denote locations anterior
to the gravity line and negative values indicate locations pos-
terior to the gravity line. CAM, center of the acoustic meatus;
CI, confidence interval.

that the optimal goal of a truly balanced spine is to maintain the
head over femoral heads, suggesting that the position of the head
is an important driver of true spinal balance.”® Recent investiga-
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tions revealed that the mean offset distance from the center of
gravity (COG) to the CAM was 0, and was not affected by ag-
ing."” It suggests that when the global alignment gradually dete-
riorates with age as aging induces truncal stooping (Fig. 1),"
the change is compensated in order to maintain both horizontal
gaze and global balance.” Loss of lordosis and an increase in
pelvic tilt were induced by the posterior shift of the lower lum-
bar vertebrae and sacrum, to maintain optimal positioning of
the GL above the COG."

COMPENSATORY MECHANISMS AND
RECIPROCAL CHANGES OF THE
CERVICAL SPINE

1. Reciprocal Changes in the Regional Cervical Spine

In patients with spinal deformity, initial compensatory mech-
anisms usually initiate adjacent to the deformity. The next adja-
cent segments will be subsequently recruited after the exhaus-
tion of adjacent compensatory reservoir to maintain an erect
posture and balance.” Sequential linkage of correlation has been
demonstrated in asymptomatic subjects between C0-2 angle,
C2-7 angle, and T1S; C2-7 angle showed a negative correlation
with both C0-2 and T1S.* In CK patients, the upper cervical
spine is recruited to maintain balance. Thus, at the regional lev-
el, kyphotic alignment of the subaxial cervical spine is known
to be compensated by a lordotic upper cervical spine and vice
versa, which illustrates a regional compensatory mechanism.*****!
The upper cervical spine is the most mobile segment, hence the
compensatory mechanism of the upper cervical spine would al-
low a patient to maintain horizontal gaze.*

After cervical realignment surgery, reciprocal changes ensue.
If the alignment is inadequate, it intensifies the compensatory
mechanisms. When realignment surgery is adequately performed,
it often leads to the relaxation of compensatory mechanisms.*
Hyperlordotic positioning of the upper cervical spine leads to a
kyphotic alignment of the subaxial spine to maintain balanced
cervical alignment.”" After a patient recovers optimal cervical
lordosis (CL), C0-2 angle reciprocally decreases.”? Concurrent-
ly, Lafage et al.” reported that correction of sagittal cervical de-
formity (CD) led to reciprocal relaxation of the established CD
compensatory mechanisms such as C0-2 hyperlordosis and
thoracic hypokyphosis.”> Furthermore, the preoperative Neck
Disability Index (NDI) had a significant correlation with pre-
operative C0-2 range of motion (ROM) and reserve of exten-
sion (ROE). Relaxation of compensatory mechanisms was found
to be associated with improvement in patients’ reported clinical
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outcomes. The inclusion of ROM and ROE, as it is associated
with patient-reported outcomes, can help to better understand
this complex condition at a regional level.

2. Reciprocal Changes and Global Balance Following

Cervical Realignment Surgery

Traditionally, a balanced spine is defined as whether spino-
pelvic parameters, including the C7PL, are adequate. The C7PL
was used to measure sagittal trunk balance as a virtual COG
rather than GL, as it is generally concordant with GL in general
populations and is a pragmatic tool to estimate sagittal trunk
balance.** However, the spine can be in balance (compensat-
ed), but spinopelvic parameters can be inadequate.”® Even though
C7PL is an easy method to estimate sagittal balance, its discor-
dance with the GL has been widely recognized.** When the
distance between the GL and C7PL exceeds 30 mm, it is defined
as occiput-trunk (OT) discordance.” True GSA cannot be as-
sessed using C7PL when there is OT discordance.”® Patients
with CD are unable to accomplish OT concordance by extend-
ing the cervical segment. A posterior shifting of C7PL is there-
fore necessary for optimal positioning of the head. Following
C7PL posterior shifting, subsequent thoracolumbar alignment
compensation takes place.”’ Hence, the concept of global bal-
ance utilizing GL was implemented to assess patients undergo-
ing cervical realignment surgery.

Only a handful of research has been conducted regarding
how cervical realignment surgery reciprocally affects GSA.""
21324 Tt has first been reported that surgical correction of CK
leads to an increase in preoperatively decreased T1S and TK,

Cervical kyphosis ‘

\ 4
Location of C7 PL ‘

N,

|
b

C7 PL posterior sblftmg from C7 PL on the pelvis
the pelvis
Compensated CK ‘ ‘ Decompensated CK

v v

Normal or small LL
Normal range of PI-LL
Large T1 slope
Normal or large TK

Large LL

Small or negative value of PI-LL
Small T1 slope

Thoracic hypokyphosis

Fig. 3. Compensatory mechanisms in patients with symptom-
atic cervical kyphosis. PL, plumb line; CK, cervical kyphosis;
LL, lumbar lordosis; PI, pelvic incidence; TK, thoracic kyphosis.
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but did not influence lumbar or pelvic parameters.”> However, a
recent study reported 2 different groups of CD patients with
different compensatory mechanisms based on the preoperative
location of the C7PL (Fig. 3); the head-balanced type and the
trunk-balanced type.** According to the C7PL value, the former
was balanced globally while the latter was balanced below the
trunk. In detail, the head-balanced patients were those with a
posterior shifting of the C7PL but with optimal GL location.
The head-balanced group is balanced globally, including the
head, with hyper-lumbar lordosis, and a low T1S. Trunk-bal-
anced patients are unable to shift the C7PL posteriorly, have
upper-limit pelvic incidence-LL values, and have normal T1S.

The primary goal of cervical realignment surgery is to achieve
OT concordance.? Once OT concordance is achieved, subse-
quent thoracolumbar alignment changes occur to harmonize
GSA, showing that cervical reconstruction can restore both
cervical deformities and GSA.* Subsequently, thoracolumbar
alignment changed to harmonize the entire spinal alignment.
Although mild CD affects adjacent segments, a severe CD can
alter even the lumbar segments. Cervical realignment surgery
induces reciprocal changes and restores both cervical and glob-
al balance. Correction in the head-balanced group resulted in
anterior shifting of C7PL, a subsequent increase in T1S and TK,
and a decrease in LL.

FUTURE APPLICATIONS OF
RECIPROCAL CHANGES FOLLOWING
CERVICAL REALIGNMENT SURGERY

1. In Regional Cervical Balance

A significant chain of correlation has been demonstrated in
asymptomatic subjects between C0-2 angle, C2-7 angle, and
T1S.* T1S has been suggested as a key factor in understanding

cervical alignment.*

In a given T1S, an adequate C2-7 angle is
necessary in order to maintain optimal head balance. If CL is
insufficient to match a given T1S, the dens tilts forward, result-
ing in an increase in C2 slope (C2S) (Fig. 4)."

Lee et al.” introduced a novel concept of odontoid parame-
ters, similar to the inverted pelvic parameters (Fig. 5). A signifi-
cant chain of correlation is noted between cervical and odon-
toid parameters. Linear regression analysis demonstrated a sig-
nificant correlation of C2-7 angle with odontoid incidence (OI),
OT, and T18S, which suggests that in a given T1S, the structural
characteristics of the dens affect optimal cervical alignment in
each individual. They indicated a large OI decreased C2-7 an-
gle to preserve the optimal head position and horizontal gaze.

https://doi.org/10.14245/1s.2249938.469
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As Ol is a constant and fixed value, the odontoid parameters
could provide a concrete anatomical base for understanding
cervical alignment from the cephalad end.

To understand the clinical role of the odontoid parameters,
we analyzed the correlation between patient-reported health-
related quality of life and odontoid parameters in patients who
underwent a multilevel posterior cervical fusion. First of all, the
postoperative NDI showed a significant correlation with both

ek Lee

Fig. 4. Schematic drawings illustrating the different spatial
orientations of the dens with an identical C2 slope and differ-
ent odontoid incidence values. (A) A dens with a straight cur-
vature is conducive to a small odontoid incidence, prone to
anterior tilting of the center of the dens. (B) A dens with a
lordotic curvature can maintain the center of the dens more
posteriorly.

Od I Ineid, = Od

id Tilt + C2 Slope

Odontoid incidence
Odontoid Tilt

@

C2 Slope

OT (r=-0.37, p<0.05) and OI (r=-0.40, p<0.05). Secondly, a
cutoff value of 20° for the T1S-CL corresponds to OT of 0° in a
linear regression model (r*=0.702, p<0.001). Lastly, a signifi-
cant correlation between OI and ROM of both C1-2 (r=0.37,
p<0.05) and C0-2 (r=0.46, p<0.01) has been observed.

Based on these results, we postulated that depending on OI
of a patient, the clinical impact of anterior tilting of the dens

may differ as the resulting OT is distinct.”’

At a given C2S, pa-
tients with a larger OI have a larger OT, which helps to retain
the COG of the odontoid process more posteriorly, withhold-
ing it from losing balance (Fig. 4). It can be assumed that the
threshold of imbalance differs in each individual. Also, ROM
and ROE of the upper cervical spine are associated with im-
proved clinical outcomes.” Ol is positively correlated with C1-2
extension angle, C1-2 ROM, and C0-2 ROM, concurrent with
a previous biomechanical study.*® The reserve to extend the up-
per cervical spine is related to the anatomical characteristics of
the dens. A patient with a larger OI can be assumed to have a
larger compensatory reservoir or ROE. As a result, a patient
with a larger OI can maintain a positive OT, which is signifi-
cantly correlated with an improved NDI score. Therefore, im-
plementing the odontoid parameters will aid in a better under-
standing of the reciprocal changes in the cervical spine in the
future.

2. In Global Spinal Balance

Reciprocal changes following cervical realignment surgery in
CD patients exhibit different patterns depending on whether
they have an adequate compensatory reservoir in the thoraco-

Odomfi‘ci t % ?

/

Ghe ki Lo

L

CJ

HRL

C2 Slope

Odontoid Tilt

(5]

Fig. 5. Schematic drawing of the odontoid parameters. (A) Odontoid incidence (OI): the angle between the line perpendicular
to the C2 endplate at its midpoint and the line connecting this point to the center of the odontoid process (the center of a circle
with an anterior/posterior border and the apex of the dens as a tangent). Odontoid tilt: the angle created by a line running from
the C2 endplate midpoint to the center of the odontoid process and the vertical axis (VRL) C2 slope: the angle between the C2
endplate and a horizontal line (HRL). (B) Inverse illustration demonstrating similarity with the pelvic parameters.
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(A) Compensated cervical kyphosis patient with the COG PL located on the femoral head, but the C7 PL located mark-
edly posteriorly. Cervical malalignment was corrected to achieve global sagittal balance and OT concordance. However, the low-
er-extremity alignment parameters did not change significantly. (B) Decompensated cervical kyphosis patient with the COG PL
located markedly anteriorly, but the C7 PL located on the femoral head. Sagittal PLs indicated cervical sagittal imbalance and
OT discordance before surgery. No significant changes were found in lumbopelvic alignment or the lower-extremity alignment
parameters. COG, center of gravity; PL, plumb line; OT, occiput-trunk.

lumbar spine.”” In our practice, we divide patients into 2 CD
subgroups; compensated and decompensated (Fig. 6). In pa-
tients with compensated CK (i.e., head-balanced, Fig. 4A, B),
the posteriorly shifted C7PL before surgery shifts anteriorly af-
ter correction. Subsequently, TK and T1S increase while LL de-
creases. In contrast, no significant changes in thoracolumbar
alignment occur in patients with decompensated patients (i.e.,
trunk-balanced, Fig. 6C, D) following realignment surgery. While
T1S and TK decrease, spinopelvic and lower extremity parame-
ters remain constant. In a previous study of these 2 groups, pa-
tients with decompensated CK showed decreases in T1S and
TK, but no changes occurred in spinopelvic and lower extremi-
ty parameters. In addition, the CO-1 and C1-2 angles became
kyphotic and less lordotic, respectively, after surgery.” No chang-
es were observed in the pelvic and lower extremity parameters
in both groups.”® As specific implications, a selective cervical
correction would be possible for the compensated subtype, where-
as both cervical and thoracic correction would be necessary for
the decompensated subtype.”

The cervical spine is still one of the most understudied and
least understood parts of the spine. It is crucial to identify the
drivers of CD and each compensatory mechanism connected
with the deformity. Analyzing the compensatory mechanisms

858 www.e-neurospine.org

such as C0-2 hyperlordosis, posterior thoracolumbar malalign-
ment, or thoracic hypokyphosis in isolation can be mistaken
for a surgical indication or even a sign of deformity. Spine sur-
geons should recognize and accurately address the regional driv-
ers of the deformities for optimal treatment. A meticulous pre-
operative evaluation of the whole-body alignment, including
the pelvis and lower extremities, is paramount to appreciate op-
timal GSA in the correction of spinal malalignment. This study
adds to the literature by advocating whole-body analysis for all
CD patients. The proverb, “Do not miss the forest for the trees.”
is helpful to understand the malalignment of the spine. Further-
more, it has been challenging for spine surgeons and research-
ers to predict reciprocal changes following realignment surgery.
Expanding our ability to not only simulate postoperative align-
ment of the fused segments but also methodically and system-
atically predict reciprocal changes in the unfused segments is
crucial. A future approach to CD needs to take reciprocal changes
in the thoracolumbar spine, as well as the cervical spine to pro-
vide optimal planning of realignment surgery and achieve ideal
cervical alignment.
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