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ABSTRACT

Background: Adult sagittal spinal deformity (SSD) leads to the recruitment of compensatory mechanisms to
maintain standing balance. After regional spinal compensation is exhausted, lower extremity compensation is recruited.
Knee flexion, ankle flexion, and sacrofemoral angle increase to drive pelvic shift posterior and increase pelvic tilt. We
aim to describe 2 summary angles termed ankle-pelvic angle (APA) and global lower extremity angle (GLA) that
incorporate all aspects of lower extremity and pelvic compensation in a comprehensive measurement that can simplify
radiographic analysis.

Methods: Full-body sagittal stereotactic radiographs were retrospectively collected and digitally analyzed. Spinal
and lower extremity alignment were quantified with existing measures. Two angles—APA and GLA—were drawn as
geometrically complementary angles to T1-pelvic angle (TPA) and global sagittal axis (GSA), respectively. Regression
analysis was used to represent the predictive relationship between TPA and APA and between GSA and GLA.

Results: A total of 518 propensity score-matched patient records were available for analysis. Patients with lower
extremity compensation had higher APA (21.83° versus 19.47°, P =.007) and GLA (6.03° versus 1.19°, P < .001) than
those without compensation. APA and GLA demonstrated strong correlation with TPA (r=0.81) and GSA (r=0.77),
respectively. Furthermore, the change between preoperative and postoperative values were strongly correlative between
AAPA and ATPA (r =0.71) and between AGLA and AGSA (r =0.77). APA above 20.6° and GLA above 3.6° were
indicative of lower extremity compensation. Patients with increased GLA values had significantly higher Oswestry
Disability Index scores (48.67 versus 41.04, P =.005).

Conclusions: TPA and GSA are measures of global spinal alignment and APA and GLA, respectively, and are
geometrically complementary angles that vary proportionately to SSD and balance the body. APA and GLA increase in
SSD patients with lower extremity compensation and decrease with corrective surgery.

Level of Evidence: 4.

Clinical Relevance: APA and GLA offer a concise and simple method of communicating pelvic and lower
extremity compensation.

Biomechanics

Keywords: ankle pelvic angle, global lower extremity angle, T1-pelvic angle, global sagittal axis, sagittal, deformity

INTRODUCTION

Adult sagittal spinal deformity (SSD) has become
widely recognized as a significant cause of chronic
pain and disability."> Maximal efficiency of energy
expenditure during standing posture is attained
when the body is maintained within Dubousset’s’
conus of economy. As spinal alignment shifts away
from neutral, compensatory mechanisms are re-
cruited to maintain maximally efficient upright
balance. Initial stages of compensation involve
reduction of thoracic kyphosis and increase of
spinofemoral angle (SFA) and pelvic tilt (PT). The

contribution of these regions to angular correction
has anatomic limitations dictated by the ligamen-
tous, capsular, and arthrodial constraints of the
thoracic spine and hip joints, as well as atrophy or
weakness of the muscles responsible for maintaining
compensatory PT.* As the patient ages, these
constraints become stiffer, leading to earlier exhaus-
tion of their limits of compensation.’

Once the degree of malalignment exceeds the
corrective limits of these mechanisms, the lower
extremities are preferentially recruited for further
compensation. Knee flexion (KA) and ankle flexion
(AA) increase to drive the pelvic shift (PSh) further
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posterior. Surgical correction of the thoracolumbar
deformity has been shown to reverse these compen-
satory changes.’

Whole body standing stereotactic radiography
(STR) with the EOS (EOS Imaging, Paris, France)
system provides an accurate assessment of spino-
pelvic and lower extremity parameters in the
functional standing position.”” Obeid et al'®
reviewed the STR images of 28 patients with SSD
and demonstrated a strong correlation between
increasing KA and lack of ideal lumbar lordosis as
predicted with the formula proposed by Schwab et
al.'! All patients with at least 10° of KA lacked more
than 30° of lumbar lordosis. Lafage et al'? reviewed
an STR database and demonstrated that, as SSD
increases, KA increasingly contributes to increased
pelvic retroversion and posterior PSh.” AA and
sacrofemoral angle are also used to describe lower
extremity compensation, although the interaction
among these parameters to determine final global
balance is complex.

Given the growing variety of parameters used to
describe various regions of spinal deformity, there is
increased utility for comprehensive descriptors that
summarize global balance. The TIl-pelvic angle
(TPA) quantifies SSD in a single angular measure-
ment.'>'* Similarly, the global sagittal axis (GSA)
measures full-body sagittal balance, including spi-
nal, pelvic, and lower extremity contributions.'
Maintenance of upright posture dictates that, for
each of these angular measurements, there exists a
geometrically complementary angle that serves to
maintain the center of gravity over the feet.

We aim to describe 2 summary lower extremity
angles—the ankle-pelvic angle (APA) and the global
lower extremity angle (GLA)—that are respectively
complementary to TPA and GSA and incorporate
all aspects of lower extremity compensation in a
simplified form. We further aim to demonstrate
their correlation with SSD and to identify cutoff
values that indicate the presence of compensation.

MATERIALS AND METHODS

We tested the hypotheses that the summary
angles APA and GLA (1) correlate with SSD, (2)
correlate with surgical correction of SSD, (3) can
identify the presence of pelvic and lower extremity
deformity, and (4) correlate with functional out-
come measures. A retrospective review was per-
formed of a prospectively collected database of
patients presenting with a primary spine complaint

and undergoing full-body radiographic imaging at a
single institution from 2013 to 2016. Included
patients underwent preoperative or postoperative
full-body STR imaging (EOS Imaging, Paris,
France) or both. Subjects who underwent spinal
corrective surgery had preoperative and postopera-
tive films analyzed separately. Patients with a
history of knee arthroplasty were excluded. Radio-
graphic landmarks of interest were digitally identi-
fied using the validated surgical planning software
Surgimap (Version 2.2.1, Nemaris Inc, New York,
NY). Angular and linear measurements were then
calculated.

Spinal sagittal alignment was described using
TPA and GSA. Pelvic and lower extremity com-
pensation were quantified using PT and KA.
Comprehensive pelvic and lower extremity compen-
sation were captured using APA and GLA. APA
was defined as the angle between a line drawn from
the bicoxofemoral axis to the midpoint of the sacral
endplate and then from there to the ankle bimalleo-
lar axis [Figure 1(left panel)]. GLA was defined as
the angle between a line drawn from the distal
femoral bicondylar axis to the midpoint of the sacral
endplate and then from there to the ankle bimalleo-
lar axis [Figure 1(right panel)].

The Oswestry Disability Index (ODI) was used to
characterize disability at baseline and follow up.
Based on an analysis of patients without SSD, we
defined our threshold for the presence of lower
extremity compensation as KA > 6.9°.

Statistical Methods

Patients were propensity score matched to
control for differences in age, gender, and body
mass index (BMI) between the lower extremity
compensation groups. Independent samples ¢ tests
and paired ¢ tests were used for group comparisons,
and bivariate correlations were characterized by
Pearson correlation coefficients. Linear regression
analysis was used to investigate the relationship
between TPA and APA and between GSA and
GLA.

RESULTS

A total of 1092 patients in the radiographic
database were analyzed. After propensity score
matching, 518 patient records were available for
analysis, with 259 patients in the compensated and
uncompensated groups, respectively. Here, 55.3%
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Figure 1. Ankle pelvic angle (APA) is defined as the angle between a line
drawn from the bicoxofemoral axis to the midpoint of the sacral endplate and
then from there to the ankle bimalleolar axis (left panel). Global lower extremity
angle (GLA) is defined as the angle between a line drawn from the distal femoral
bicondylar axis to the midpoint of the sacral endplate and then from there to the
ankle bimalleolar axis (right panel).

of the cohort was female, the mean age was 58.41
years, and the mean BMI was 27.97. No significant
difference existed in age, gender, or BMI between
the cohorts with and without compensation. Mean
KA was 13.4° in patients with lower extremity
compensation and 0.63° in patients without (P <
.001; Table 1). APA values ranged from —12.98° to
35.44°. GLA values ranged from —4.85° to 13.24°.
Preoperative measurements demonstrated a sig-
nificantly higher mean APA in patients with lower
extremity compensation than those without (21.83°

Table 1. Preoperative demographic values.

Whole Cohort Low KA High KA P Value
No. 518 259 259 NA
Mean KA, °  7.02 = 7.89 0.63= 4.07 13.40 £ 512 <.001
Age, y 5841 £ 16.7 5990 = 15.0 61.41 = 134 228
Gender, %F 55.3 54.8 54.1 930
BMI 2797 £ 579 2829 + 525 27.84 £ 557 338

Table 2. Preoperative alignment comparison between lower extremity
compensation groups.

Low KA, ° High KA, ° P Value
GLA 1.19 = 1.73 6.03 = 2.31 <.001
APA 19.47 = 8.29 21.83 = 11.23 .007
TPA 15.40 = 9.86 25.77 = 14.44 <.001
GSA 2.31 = 3.50 9.05 = 5.32 <.001

Abbreviations: APA, ankle pelvic angle; GLA, global lower extremity angle;
GSA, global sagittal axis; KA, knee flexion angle; TPA, T1-pelvic angle.

versus 19.47°, P =.007). Similarly, mean GLA was
greater in patients with lower extremity compensa-
tion than those without (6.03° versus 1.19°, P <
.001). Patients with lower extremity compensation
also had higher mean TPA (25.77° versus 15.40°, P
< .001) and mean GSA (9.05° versus 2.31°, P <
.001; Table 2).

Linear regression analysis revealed a strong
correlation between APA and TPA (r = 0.79).
Moreover, this correlation was more robust than the
correlation between KA and TPA (r = 0.47).
Similarly, strong correlation appeared between
GLA and GSA (r = 0.77), which was greater than
the correlation between KA and GSA (r = 0.72;
Table 3).

Furthermore, a subgroup analysis of patients
with SSD and lower extremity compensation
demonstrated a strong correlation between APA
and TPA (r = 0.81) and a moderate one between
GLA and GSA (r =0.62). These comparisons were
stronger than the correlations between KA and TPA
(r = 0.36) and between KA and GSA (r=0.54). A
subanalysis of patients that did not exhibit lower
extremity compensation demonstrated a strong
correlation between APA and TPA (r = 0.82) and
a moderate one between GLA and GSA (r = 0.56).
These comparisons were stronger than the correla-
tions between KA and TPA (r =0.18) and between
KA and GSA (r=0.44).

Analysis of Effects of Deformity Correction

Analysis of the change in parameters after
corrective deformity surgery demonstrated that the

Table 3. Linear regression analysis demonstrating correlations between
preoperative variables of spinal alignment and lower extremity compensation,
represented as r values.

Whole Cohort Low KA High KA
APA : TPA 0.79 0.82 0.81
KA : TPA 0.47 0.18 0.36
GLA : GSA 0.77 0.56 0.62
KA : GSA 0.72 0.44 0.54

Abbreviation: BMI, body mass index; F, female; KA, knee flexion angle, NA, not
applicable.

Abbreviations: APA, ankle pelvic angle; GLA, global lower extremity angle;
GSA, global sagittal axis; KA, knee flexion angle; TPA, T1-pelvic angle.
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Surgical
Caorrection

Figure 2. Preoperative (left panel) and postoperative (right panel) standing
full-length radiographs of a patient with sagittal spinal deformity. Surgical
correction of sagittal deformity results in decreased T1-pelvic angle (TPA),
abatement of lower extremity compensation, and complementary decrease in
ankle pelvic angle (APA).

above correlations remained significant in a dynam-
ic setting (Figures 2 and 3). The change in APA
between preoperative and postoperative values
(AAPA) correlated strongly with the change in
TPA (ATPA; r = 0.71). Similarly, the change in
GLA between preoperative and postoperative val-
ues (AGLA) correlated strongly with the change in
GSA (AGSA; r=0.77).

Based on linear regression analysis, lower ex-
tremity compensation (defined as KA > 6.9°) is
present when an APA threshold of 20.6 is exceeded.
Similarly, the threshold for GLA is 3.6°. We
analyzed the difference in ODI between our cohorts
using the above KA, APA, and GLA thresholds as
determinants of lower extremity compensation.
When stratified by the presence of compensation
based on KA, patients with compensation had a
significantly higher ODI than those without (48.73
versus 40.48, P = .002). Similarly, a significant

Surgical
Correction

Figure 3. Preoperative (left panel) and (right panel) postoperative (right panel)
standing full-length radiographs of a patient with sagittal spinal deformity.
Surgical correction of sagittal deformity results in decreased global sagittal axis
(GSA), abatement of lower extremity compensation, and complementary
decrease in global lower extremity angle (GLA).

difference in ODI existed between patients with and
without compensation as stratified by GLA (48.67
versus 41.04, P = .005). Stratification by APA also
demonstrated a higher ODI in patients with
compensation than those without, but the difference
was nonsignificant (45.32 versus 43.22, P = .445;
Table 4).

DISCUSSION

Compensatory mechanisms for SSD are triggered
in order to align the spine over the pelvis, keeping it

Table 4. Oswestry Disability Index (ODI) scores for patients with and without
lower extremity compensation, as stratified by knee flexion angle (KA), ankle
pelvic angle (APA), and global lower extremity angle (GLA).

Compensation Present Compensation Absent P Value
KA 48.73 40.48 .002
APA 45.32 43.22 445
GLA 48.67 41.04 .005
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within a conus of economy and minimizing the
energy expenditure of staying upright.® Itoi'®
performed one of the earliest full length radiograph-
ic analyses of lower extremity compensation in
spinal deformity. He noted that incompletely
compensated spinal deformity caused a compensa-
tory retroversion of the pelvis, associated with hip
extension, followed by KA with associated femoral
inclination. More recently, Lafage et al'? described a
predictive model of compensation which demon-
strated that pelvic and lower extremity mechanisms
are recruited in SSD to maintain the T9 vertebra
aligned over the ankles. The multiple pelvic and
lower extremity variables were shown to be corre-
lated and predictive of the ultimate PT that allowed
for alignment to be maintained. Therefore, it is not
each angle’s individual value that is significant but
rather the overall effect on the position of the
support structures below the spine.

While summary angles of spinal deformity (TPA
and GSA) have been described and are commonly
used in practice, pelvic and lower extremity com-
pensation continues to be described in terms of
individual but interrelated components (eg, PT,
SFA, KA, AA). We define summary pelvic and
lower extremity angles—APA and GLA—that
enable upright balance by virtue of being geomet-
rically complementary to TPA and GSA, respec-
tively. We propose that the use of either APA or
GLA can obviate the need for multiple lower
extremity angular measurements, thus achieving a
simpler and more intuitive description of pelvic and
lower extremity compensation.

We have demonstrated that APA and GLA are
both significantly increased in groups with lower
extremity compensation compared with those with-
out. Our definition of lower extremity compensation
was based on KA, which showed significant
correlation with TPA and GSA. The correlation of
APA and GLA with TPA and GSA, respectively,
was even stronger, implying a more direct relation-
ship between these parameters than with KA.
Furthermore, APA and GLA decreased after spinal
corrective surgery in proportion to the decrease in
TPA and GSA.

In addition to radiographic utility, the summary
pelvic and lower extremity angles have clinical
utility. ODI was significantly increased in patients
with lower extremity compensation as detected by
high GLA. Patients with high APA also had
increased ODI, though the difference did not reach

statistical significance. The thresholds of APA and
GLA that define lower extremity compensation
were calculated to be 20.6° and 3.6°, respectively.

We chose TPA and GSA as descriptors of
deformity because they describe global spinal
alignment and have been shown to correlate with
clinical outcome scores.'>!” TPA is readily attain-
able on most long-format radiographs. GSA re-
quires full-length radiography including the lower
extremities, attainable with the increasingly popular
technology of full-body STR.

We chose KA as the defining variable for lower
extremity compensation, as it is frequently used in
clinical practice to radiographically identify the
presence of compensation. A widely accepted
threshold for the presence of compensation does
not exist, though previous authors have mentioned
values in the range of 2.5°-10°.'%® As intrinsic knee
pathology can confound this analysis, we excluded
patients with knee osteoarthritis. We then analyzed
the mean KA in patients without SSD and chose a
value that was | standard deviation higher than the
mean as our threshold (KA > 6.9°).

There are several limitations to this study.
Radiographic technique can be operator dependent
and institution dependent. Our STR scans are
obtained by protocol with the patient standing
comfortably upright with hands on the clavicles.
However, variations in technique may limit the
generalizability of our reported thresholds at other
institutions. A significant coincidence of lower
extremity joint arthritis in the spinal deformity
patient population may confound lower extremity
angular measurements. Knee osteoarthritis can
artificially increase KA, and its presence may negate
the applicability of APA and GLA measurements.
Hip osteoarthritis was not excluded from our study,
as it contributes to overall sagittal malalignment. A
subgroup analysis (results not reported) did not
show any significant difference in results of patients
with hip osteoarthritis. Lastly, most of our patients
presented with some degree of sagittal plane
deformity. Future studies should explore larger
numbers of patients without deformity to further
establish normative values and should examine an
additional population of deformity patients for
external validation. Additionally, prospective stud-
ies are needed to establish the clinical utility of
either or both parameters as tools for decision
making in the treatment of SSD.
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CONCLUSIONS

APA and GLA are singular measures combining
pelvic and lower extremity compensation for SSD.
TPA is a measure of global spinal alignment, and
APA is a geometrically complementary angle that
varies proportionately to SSD and balances the
body in erect posture. Similarly, GLA accounts for
compensation in a manner that is proportionate to
the magnitude of spinal deformity defined by GSA.
APA and GLA increase in SSD patients with lower
extremity compensation and decrease with spinal
corrective surgery. APA above 20.6° and GLA
above 3.6° signal the presence of pelvic and lower
extremity deformity.

All procedures performed in studies involving
human participants were in accordance with the
ethical standards of the institutional, national
research committee, or both and with the 1964
Helsinki declaration and its later amendments or
comparable ethical standards. For this type of
study, formal consent is not required.
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