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Objective: To define a novel radiographic measurement, the posterior cranial vertical line
(PCVL), in an asymptomatic adult population to better understand global sagittal alignment.
Methods: We performed a multicenter retrospective review of prospectively collected radio-
graphic data on asymptomatic volunteers aged 20-79. The PCVL is a vertical plumb line
drawn from the posterior-most aspect of the occiput. The horizontal distances of the PCVL
to the thoracic apex (TA), posterior sagittal vertical line (PSVL, posterosuperior endplate of
S1), femoral head center, and tibial plafond were measured. Classification was either grade
1 (PCVL posterior to TA and PSVL), grade 2 (PCVL anterior to TA and posterior to PSVL),
or grade 3 (PCVL anterior to TA and PSVL).

Results: Three hundred thirty-four asymptomatic patients were evaluated with a mean age
of 41 years. Eighty-three percent of subjects were PCVL grade 1, 15% were grade 2, and 3%
were grade 3. Increasing PCVL grade was associated with increased age (p <0.001), C7-S1
sagittal vertical axis (SVA) (p <0.001), C2-7 SVA (p < 0.001). Additionally, it was associat-
ed with decreased SS (p = 0.045), increased PT (p <0.001), and increased knee flexion (p <

0.001).

Conclusion: The PCVL is a radiographic marker of global sagittal alignment that is simple
to implement and interpret. Increasing PCVL grade was significantly associated with ex-
pected changes and compensatory mechanisms in the aging population. Most importantly,
it incorporates cervical alignment parameters such as C2-7 SVA. The PCVL defines global
sagittal alignment in adult volunteers and naturally distributes into 3 grades, with only 3%
being grade 3 where the PCVL lies anterior to the TA and PSVL.

Keywords: Sagittal alignment, Spinal deformity, Scoliosis, Kyphosis, Asymptomatic

sagittal plane has been correlated with poor functional status
and patient outcomes.*® However, achieving proper alignment

Achieving an upright posture and appropriate spinal balance  of all these structures during spinal deformity surgery can be

requires a dynamic alignment between the head, spine, pelvis  challenging for a multitude of reasons, including the lack of a

and lower extremities."” This is critical as malalignment in the ~ global measure for spinal sagittal alignment.
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When examining the spine, establishing a “normal” set of
comprehensive spinal measurements has been elusive given the
vast variation within asymptomatic individuals.>'*"" One fun-
damental aspect of an ergonomic posture that remains critical
in all healthy individuals is the proper alignment of the spine
with respect to the body’s center of mass.'>"* The gravity line
(GL) remains an important measure of global spinal alignment
in theory. The GL is obtained using a force plate on which the
bipedal subject is standing. Traditionally, the C7 plumb line
(C7PL) has been used as a radiographic proxy for the GL and as
a means of estimating sagittal alignment.'*'* However, multiple
studies have demonstrated there is discordance between these 2
measures, reducing the predictive value of the C7PL.**** Given
the shortcomings of the C7PL, and the inconvenience of estab-
lishing the true GL (i.e., via digital force plate), there exists a
need for another measurement that can better approximate
global sagittal alignment. By understanding the relative position
of the head, spine, pelvis and lower extremities, surgeons will be
better equipped to evaluate adult spinal deformity (ASD).

The purpose of this study is to define the posterior cranial
vertical line (PCVL) as a potential marker for global spine align-
ment. The PCVL is a novel radiographic measurement which
incorporates skull position as well as lower extremity position,
which is frequently overlooked in other measurements. By com-
parison, the standard C7-S1 sagittal vertical axis (SVA) is a focal
measurement of spinal balance from the C7 vertebral body
down to the sacrum. Using the PCVL may provide a more com-
plete picture of a patient’s global alignment and have important
implications in preoperative planning and patient prognosis.

MATERIALS AND METHODS

Prospectively collected standing, full-length bi-planar radio-
graphs were retrospectively reviewed for 334 asymptomatic
adult volunteers ages 20-79 years old. Radiographs were ob-
tained using imaging with 3-dimensional capabilities (EOS Im-
aging, Paris, France) with the patient in a relaxed position, with
fingers resting on the clavicles — no further instructions were
given in order to preserve physiologic stance. Patients were ex-
cluded if they had any history of back or neck pain requiring
time off from work/school or affecting daily activity; history of
prior hip or knee arthroplasty, lower extremity realignment sur-
gery or any spine surgery; coronal deformity (Cobb angle >
10°); any degenerative or pathologic spinal conditions (requiring
intervention); pregnancy; nonambulatory patients; or patients
with history or neuromuscular disorder, inflammatory arthritis,
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or congenital anomalies. Age, sex, body mass index (BMI), Os-
westry Disability Index (ODI), and Neck Disability Index (NDI)
were collected for each patient included. This study was ap-
proved by the Institutional Review Board of Washington Uni-
versity in St. Louis (201812144) and all volunteers provided in-
formed consent.

Patients were excluded if full-standing radiographs did not
clearly visualize the posterior-most aspect of the skull, thoracic
apex (TA), or the tibial plafond (TP). Cervical measurements
obtained included C2-7 lordosis (measured from inferior end-
plate of C2 to inferior endplate of C7) and C2-7 SVA (distance
from C2 midbody plumbline to posterosuperior corner of C7).
Thoracic measurements obtained included T1 slope (angle
formed by superior endplate T1 and a horizontal reference
line), T4-12 kyphosis (measured from superior endplate of T4
to inferior endplate of T12), and apex of thoracic kyphosis (TA).
Spinopelvic measurements obtained included sacral slope, pel-
vic tilt, pelvic incidence (PI), L1-S1 lumbar lordosis (LL), PI-
LL mismatch, and the C7-S1 SVA (distance from C7 midbody
plumbline to posterosuperior corner of S1).

The PCVL was defined as a vertical plumb line from the pos-
terior-most aspect of the occiput to the floor. The horizontal
distances of the PCVL to the TA, posterior sagittal vertical line
(PSVL; vertical line drawn superiorly from posterosuperior
endplate of S1), the femoral head (FH) center, and center of the
TP were measured. Each patient was then classified as either
grade 1 (PCVL posterior to the TA and the PSVL), grade 2
(PCVL anterior to TA and posterior to the PSVL), or grade 3
(PCVL anterior to both the TA and the PSVL) (Fig. 1, Table 1).
Grade 2 and 3 patients with a PCVL posterior to the center of
the TP were given a “P” modifier; those with a PCVL anterior
to the TP were given an “A” modifier (Table 1). All measure-
ments were performed by a team of fellows and residents. A
standardized protocol was created and written visual instruc-
tions were provided to every contributor. Individual measure-
ments were reviewed throughout the cohort to assess interrater
relatability using Cronbach alpha values, which exceeded 0.8
for all measures. Chi-square tests and analysis of variance were
performed for bivariate analyses using SAS Studio Versions 3.4
(SAS Institute Inc., Cary, NC, USA).

RESULTS

Our study included a total of 334 asymptomatic volunteers,
64% of whom were female. Average age was 41+ 14 years and
average BMI was 24.4 kg/m”. The average ODI score was 2.7 + 4.4
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Grade 1 Grade 2P Grade 2A Grade 3P Grade 3A

Fig. 1. The posterior cranial vertical line (PCVL) grading system. Grade 1: The PCVL lies posterior to the thoracic apex (TA)
and posterior sagittal vertical line (PSVL). Grade 2: The PCVL lies posterior anterior to the TA and posterior to the PSVL. Grade
3: The PCVL lies anterior to both the TA and PSVL. The “A” and “P” modifiers refer to the PCVL position relative to the center

of the tibial plafond in grades 2 and 3.

Table 1. The PCVL grading system with tibial plafond modifier

PCVL position relative to

Grade Modifier
TA PSVL TP
Grade 1 (83%) - Posterior Posterior Posterior
Grade 2 (15%) P Anterior Posterior Posterior
A Anterior Posterior Anterior
Grade 3 (2%) P Anterior Anterior Posterior
A Anterior Anterior Anterior

PSVL, posterior sagittal vertical line; TA, thoracic apex; TP, tibial plafond.

Grade 1: The PCVL lies posterior to the thoracic apex (TA) and posterior sagittal vertical line (PSVL). Grade 2: The PCVL lies posterior ante-
rior to the TA and posterior to the PSVL. Grade 3: The PCVL lies anterior to both the TA and PSVL. The “A” and “P” modifiers refer to the
PCVL position relative to the center of the tibial plafond in grades 2 and 3.

(Table 2). When measuring the relative position of the PCVL to
various reference points, negative values were used to indicate a
relatively posterior PCVL position, while a positive value indi-
cated a relatively anterior PCVL position. Average PCVL-PSVL

792 Www.e-neur ospine.org

distance was -7.4 cm and average PCVL-TA distance was -2.1 cm.
Average PCVL-FH distance was -10.8 cm and average PCVL-
TP distance was -5.4 cm. Eighty-three percent of subjects were
grade 1, 15% were grade 2, and 2% were grade 3. Overall, 98%
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Table 2. The PCVL grade with demographic data and radiographic measurements

PCVL grade "
Vel 1 (N=276) 2 (N=48) 3(N=8) CC;’ZE:EE? p-value
Mean + SD Range Mean +SD Range Mean £ SD Range
Age 39.6+13.5 20.0-79.0 45.6+14.9 20.0-76.0 63+18.3 33.0-77.0 0.33 <0.001*
BMI 242452 14.5-41.3 252+£54 16.9-44.7 26.4+5.7 18.4-33.3 0.12 0.283
Knee flexion -24+5 -22.3-17.7 -0.3+4.6 -11.9-11.6 4.7£57 -3.9-10.9 0.33 <0.001*
C2-7 lordosis -1.3+£12.7  -31.4-433 33+£103  -14.9-27.8 8.9+10.6 -13.6-17.1 0.26 0.006*
T4-12 kyphosis 34.9+10.2 7.4-61.1 46.5+11.7 27.5-77.8 49.8+15 28.4-72.1 0.52 <0.001*
Sacral slope 39.7+8.3 13.6-65.6 375%9.5 17.7-63.4 334£11.6 17.0-52.1 -0.18 0.045*
Pelvic incidence 51.9£10.5 27.3-81.8 50.1£11.7 26.9-82.6 57£11.5 38.8-68.2 -0.01 0.214
Pelvic tilt 123+£7.3 -6.9-41.9 12.6+6.8 -3.5-27.3 23.6+9.4 15.0-45.1 0.19 <0.001*
PI-LL 9.4+75 0.0-39.7 10.5£7.7 0.2-28.1 10.5+8.4 1.2-20.6 0.07 0.617
LI-S1LL 56.8+11.8 24.4-84.5 57.9+12.8 25.3-86.1 47+13.3 18.3-59.7 -0.06 0.060
C7-S1SVA -9.3+245  -77.1-56.9 574242  -41.0-54.1 67.9+32.3 29.6-132.8 0.51 <0.001*
C2-7 SVA 17.2£8.6 -9.3-38.8 30.4+8.9 12.9-53.2 30.4+8.9 21.2-46.0 0.66 <0.001*
T1 slope 21.4+6.9 3.8-40.9 30.6+£6.4 20.8-52.1 388+7.2 29.0-51.4 0.69 <0.001*
ODI score 2.5+43 0-20 3.5+4.9 0-17.8 3.8+4.9 0-14.0 0.12 0.261

PCVL, posterior cranial vertical line; SD, standard deviation; BMI, body mass index; PI-LL, pelvic incidence minus lumbar lordosis; SVA, sag-

ittal vertical axis; ODI, Oswestry Disability Index.

Grade 1: The PCVL lies posterior to the thoracic apex (TA) and posterior sagittal vertical line (PSVL). Grade 2: The PCVL lies posterior ante-

rior to the TA and posterior to the PSVL. Grade 3: The PCVL lies anterior to both the TA and PSVL.

of normal subjects were either grade 1 or grade 2.

Higher PCVL grade had a significant association with in-
creasing age (p<0.001). The mean age in grade 1 patients was
39.6 years, grade 2 was 45.6 years, and grade 3 was 63 years. Fig.
2 illustrates the age distribution of the asymptomatic cohort
demonstrating an increase in age throughout the PCVL grades.
Higher PCVL grade was also significantly associated with in-
creasing greater T1 slope (p <0.001), greater T4-12 kyphosis
(p<0.001), greater cervical lordosis (p=0.006), greater pelvic
tilt (p<0.001), and increased knee flexion (p <0.001) (Table 2).
Conversely, higher PCVL grade was associated with decreased
sacral slope (p=0.045). Higher PCVL grade was associated with
alarger C7-S1 SVA (p <0.001) and C2-7 SVA (p<0.001) (Table
2). Of note, PI remained similar between PCVL grades as ex-
pected. A strong positive correlation (coefficient >0.6) was
seen with C2-7 SVA and greater T1 slope, while a moderate
correlation (coefficient >0.4) was seen with C7-S1 SVA and
T4-12 thoracic kyphosis. Similarly, a PCVL anterior to the TP
was strongly correlated with greater C7-S1 SVA (p<0.001),
C2-7 SVA (p<0.001), T1 slope (p<0.001) (Table 2).

When the population was subdivided using the TP modifier
(anterior vs. posterior position of the PCVL relative to TP), sim-
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Distribution of age among PCVL grades

M 20-40 Years M 41-60 Years >60 Years
100 - 9.4%
20.8%
80 -
60 - 75.0%
5

40

20 | 35.4% .
25.0%

0
Grade 1 Grade 2 Grade 3

Fig. 2. Distribution of age among the posterior cranial verti-
cal line (PCVL) grades. Grade 1: The PCVL lies posterior to
the thoracic apex (TA) and posterior sagittal vertical line (PS-
VL). Grade 2: The PCVL lies posterior anterior to the TA and
posterior to the PSVL. Grade 3: The PCVL lies anterior to
both the TA and PSVL.

ilar results were seen with the anterior modifier and increasing
PCVL grade. An anterior modifier had significant association
with age (p=0.04) as well as increased C7-S1 SVA, increased
C2-7 SVA, as well as increased T1 slope (p <0.001) (Table 3).
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Table 3. Tibial plafond modifier with demographic data and
radiographic measurements

Variable Posterior Anterior povalue
(N=313) (N=19)
Age (yr) 40.7+14.1 47.6+18.2 0.040*
Body mass index (kg/m?)  24.5+5.3 22.9+£39 0.226
Knee flexion -2.0£5.1 -0.9+5.2 0.353
C2-7 lordosis -0.5+11 -04+12.5 0.982
T4-12 kyphosis 36.6+11.5 42.4+9.6 0.034*
Sacral slope 39.1+8.6 40.5+9.9 0.516
Pelvic incidence 51.6+10.6  53.9+132 0.376
Pelvic tilt 125+7.4 13.4+£8.0 0.599
PI-LL 9.6+7.6 9.0+£6.8 0.741
L1-S1LL 56.8+12.1 56.1+£11.9 0.828
C7-S1 SVA -7.6+£254  33.7+339  <0.001*
C2-7 SVA 18.8+9.7 299+7.9 <0.001*
T1 slope 22.6+7.6 32.5+7.9 <0.001*
ODI score 2.6+4.3 3.5+5.2 0.375

Values are presented as mean + standard deviation.

PI-LL, pelvic incidence minus lumbar lordosis; SVA, sagittal vertical
axis; ODI, Oswestry Disability Index.

*p<0.05, statistically significant differences.

DISCUSSION

Dubousset first described “the cone of economy” decades
ago—the upright posture of the human body that minimizes
energy expenditure.” As sagittal alignment increases, energy
expenditure increases as well to remain upright and maintain
horizontal gaze. Compensation through the lumbar spine and
pelvis occurs through pelvic retroversion—as lumbar lordosis
decreases, PT increases and SS decreases.?* In addition, there is
an active, dynamic component maintaining this optimal posi-
tion termed the chain of balance.” This complex anatomic rela-
tionship between the spine and pelvis has been well described
by Roussouly et al.>?® as well, and the importance of sagittal
spinal alignment in patient-reported outcomes has been well
established previously.***

The current widely accepted radiographic measurement for
sagittal alignment, the C7-S1 SVA, has been considered the
strongest predictor of improved outcomes in patients with
ASD.***¥ Lafage et al.”® showed an SVA >50 mm or PT >20°
were associated with worse outcomes scores. In a normal popu-
lation, Gelb et al.” found the mean SVA to be -3.2+3.2 cm. The
C7-S1 SVA, however, fails to the position of the skull and align-
ment of the cervical spine, as well as compensation through the

794 Www.e-neur ospine.org

lower extremities.

Various studies have shown that age-related changes and in-
creasing positive sagittal alignment leads to compensatory knee
flexion and subsequent hip extension.”** Age-related changes
have also been described in the cervical spine showing increas-
ing C2-7 lordosis in order to maintain horizontal gaze.”* These
changes were also shown in a prior publication performed on a
subset of the healthy volunteer radiographs used in this study.”
Given these other compensatory mechanisms, it is not surpris-
ing that the focal C7-S1 SVA measurement is discordant with
the gold standard GL (obtained using a force plate).”**

The goal of our study was to develop a simple, practical ra-
diographic measurement that could take into consideration all
aspects of global sagittal alignment. A prior study by Kim et
al.* attempted to address this issue with the cranial SVA, re-
quiring a measurement from the midpoint of the nasion-inion
line, from the root of the nose to the external occipital protu-
berance. While this did address skull position, we hoped to im-
prove on this concept with a simple, practical radiographic
marker that was easier to measure and reproduce reliably, with
an organic anatomic grading system in the asymptomatic pop-
ulation. The PCVL requires a single vertical line drawn from
the posterior-most aspect of the occiput down to the floor. In
our study, the vast majority of healthy volunteers examined
(98%) had a PCVL posterior to the PSVL (grades 1 and 2), with
83% of patients having a PCVL posterior to both the PSVL and
TA (grade 1).

Aside from linear measurements such as the C7-S1 SVA, an-
gular measurements have also been proposed to characterize
global sagittal alignment. The cervicothoracic pelvic angle
(CTPA), introduced by Protopsaltis et al.”” in 2017, is defined as
the angle formed between a line from C2 midvertebral body to
the FH center and a line from T1 midvertebral body to the FH
center. The CTPA has been shown to be associated with the de-
velopment of proximal junctional kyphosis (PJK) postopera-
tively.”” This is similar to the previously described T1PA, which
is defined as the angle formed between a line from the T1 mid-
vertebral body and the FH center to a line from the midpoint of
the S1 superior endplate to the FH center.*® T1PA has been
shown to correlate with health-related quality of life for ASD
patients.”

In our study, we found that the PCVL grade does strongly
correlate with the current gold standard C7-S1 SVA. In addi-
tion, we found that greater PCVL grade was significantly asso-
ciated with expected compensatory changes over time such as
increasing PI-LL, decreasing SS, increasing PT, increasing T1
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slope. Regarding the skull and lower extremity position, the
higher PCVL grade was significantly associated with expected
compensatory increasing C2-7 lordosis, greater C2-7 SVA, as
well as with increased knee flexion. In fact, C2-7 SVA and T1
slope both had a strong correlation (coefficient >0.6) with in-
creasing PCVL grade. Based on our results, we hypothesize that
the PCVL grade is an accurate reflection of global positive sag-
ittal alignment, and as seen with prior sagittal measures that a
higher PCVL grade may be associated with higher risk of PJK
following a fusion procedure. The next step in this study would
be to measure the PCVL in ASD patients preoperatively and
postoperatively while tracking patient-reported outcome mea-
sures as well as radiographic evidence of PJK postoperatively.

When interpreting the results of this study, it is important to
consider its limitations. First, the generalizability of the asymp-
tomatic volunteers used in this study and whether they repre-
sent a true normal distribution of humanity upon which to
base a new classification system may be brought into question.
However, this cohort of asymptomatic volunteers is one of the
largest collection of volunteers with full-standing radiographs
across a wide variety of ages and ethnic backgrounds which we
believe is a powerful tool in understanding a normative popula-
tion. Secondly, the use of the PCVL requires radiographs to be
obtained via imaging with 3-dimensional capabilities (EOS Im-
aging) which may not be available to every institution. None-
theless, we believe that full-standing radiographs will be the
new gold standard moving forward. Thus, this measure is cru-
cial to further characterizing sagittal alignment with additional
information provided by both the position of the skull as well
as the lower extremities. Thirdly, the conducted study focuses
on establishing a classification to patients with no spinal pa-
thologies which may question if the proposed measurements
correlate with the disease process. It is important to note that
the purpose of this study is to establish a baseline distribution
in the asymptomatic population in order to first characterize
the measurement. Thus, the aforementioned relationship will
be assessed in a subsequent study on its application in the ASD
population.

CONCLUSION

We present the PCVL as a novel singular sagittal alignment
marker that may play a helpful role in understanding global
sagittal alignment. The PCVL is easy to implement and allows
for immediate visualization of skull position relative to the tho-
racic spine, sacrum, as well as the TPs that is simple to interpret.

https://doi.org/10.14245/ns.2346408.204

Our population showed that a majority of asymptomatic volun-
teers were grade 1 (83%), while 17% of patients were grade 2 or
3 with a PCVL anterior to the TA. We propose here a simple
grading system that may have the potential to aid in preopera-
tive planning to correct sagittal malalignment, as well as assess

patients postoperatively over time.
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