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OBJECTIVE The goal of this study was to validate the Global Alignment and Proportion (GAP) score in a cohort of pa-
tients undergoing adult spinal deformity (ASD) surgery. The GAP score is a novel measure that uses sagittal parameters
relative to each patient’s lumbosacral anatomy to predict mechanical complications after ASD surgery. External valida-
tion is required.

METHODS Adult ASD patients undergoing > 4 levels of posterior fusion with a minimum 2-year follow-up were included.
Six-week postoperative standing radiographs were used to calculate the GAP score, classified into a spinopelvic state
as proportioned (P), moderately disproportioned (MD), or severely disproportioned (SD). A chi-square analysis, receiver
operating characteristic curve, and Cochran-Armitage analysis were performed to assess the relationship between the
GAP score and mechanical complications.

RESULTS Sixty-seven patients with a mean age of 52.5 years (range 18-75 years) and a mean follow-up of 2.04 years
were included. Patients with < 2 years of follow-up were included only if they had an early mechanical complication.
Twenty of 67 patients (29.8%) had a mechanical complication. The spinopelvic state breakdown was as follows: P group,
21/67 (31.3%); MD group, 23/67 (34.3%); and SD group, 23/67 (34.3%). Mechanical complication rates were not signifi-
cantly different among all groups: P group, 19.0%; MD group, 30.3%; and SD group, 39.1% (x? = 1.70, p = 0.19). The
rates of mechanical complications between the MD and SD groups (30.4% and 39.1%) were less than those observed in
the original GAP study (MD group 36.4%—57.1% and SD group 72.7%-100%). Within the P group, the rates in this study
were higher than in the original study (19.0% vs 4.0%, respectively).

CONCLUSIONS The authors found no statistically significant difference in the rate of mechanical complications between
the P, MD, and SD groups. The current validation study revealed poor generalizability toward the authors’ patient population.

https://thejns.org/doi/abs/10.3171/2020.6.SPINE20538
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ing for both the patient and surgeon, with long op-
erating times, a large amount of blood loss, and a
high complication risk. Postoperatively, patients are faced
with a recovery upward of 6-12 months. Even after a suc-

ﬁ puLT spinal deformity (ASD) surgery is demand-

cessful recovery, the risk of postoperative complications
such as proximal junctional kyphosis (PJK) or proximal
junctional failure (PJF), implant failure, rod fracture, or
reoperation lingers. Prior studies have estimated the to-
tal risk of reoperation after ASD surgery to be as high as

ABBREVIATIONS ASD = adult spinal deformity; AUC = area under the curve; DJF = distal junctional failure; DJK = distal junctional kyphosis; GAP = Global Alignment and
Proportion; GT = global tilt; LIV = lower instrumented vertebra; MD = moderately disproportioned; P = proportioned; Pl = pelvic incidence; PJF = proximal junctional failure;
PJK = proximal junctional kyphosis; PT = pelvic tilt; SD = severely disproportioned; SRS = Scoliosis Research Society; SS = sacral slope; SVA = sagittal vertical axis; UIV =

upper instrumented vertebra; 3CO = 3-column osteotomy.
SUBMITTED April 8, 2020. ACCEPTED June 1, 2020.

INCLUDE WHEN CITING Published online October 2, 2020; DOI: 10.3171/2020.6.SPINE20538.

96 J Neurosurg Spine Volume 34 « January 2021

©AANS 2021, except where prohibited by US copyright law

Unauthenticated | Downloaded 08/16/22 10:32 PM UTC



52.6%.! Prior to undergoing any ASD surgery, a thorough
discussion of potential complications and risks associated
with those complications is paramount.

The Scoliosis Research Society (SRS)—Schwab ASD
Classification provides ideal spinal alignment values
for the deformity surgeon to aim for, which include the
sagittal vertical axis (SVA), pelvic incidence (PI), sacral
slope (SS), L1-S1 lordosis, and pelvic tilt (PT).I* Al-
though previous scoring systems have identified spe-
cific targets for correction, shortcomings include usage
of purely numerical values that incompletely account for
PI magnitude, no assessment of lordosis distribution, the
inability to account for negative balance, and inaccurate
global alignment masked by pelvic retroversion.'* More-
over, standardized definitions are lacking for “normal”
and “pathologic” alignment, and how this may correlate
with both radiographic and clinical outcomes. Drs. Yil-
gor and Alanay, leaders among the European Spine Study
Group, developed a scoring system to predict the risk of
mechanical complications after ASD surgery known as
the Global Alignment and Proportion (GAP) score. The
GAP score stratifies patients into one of three spinopelvic
states: 1) proportioned (P), 2) moderately disproportioned
(MD), and 3) severely disproportioned (SD), based on 5
parameters: 1) relative pelvic version (measured minus
the ideal SS); 2) relative lumbar lordosis (measured minus
the ideal lumbar lordosis); 3) lordosis distribution index
(L4-S1 lordosis divided by the L1-S1 lordosis multiplied
by 100); 4) relative spinopelvic alignment (measured
minus ideal global tilt [GT]); and 5) an age factor.* In
their original report, the GAP score produced an excel-
lent ability to predict mechanical complications, with an
area under the curve (AUC) of 0.92. Those with a propor-
tioned spinopelvic state (i.e., P group) had a 6% mechani-
cal complication rate, whereas patients in the MD and SD
groups had 47% and 95% mechanical complication rates,
respectively.?

As with any new scoring system, external validation is
required to ensure maximum generalizability and valid-
ity in all ASD populations. Since its initial publication,
several groups have produced mixed results replicating
the GAP score’s ability to predict mechanical complica-
tions. Whereas some groups have shown good correlation
between the GAP score and predicting clinical and radio-
graphic outcomes,>¢ others have reported weak predictive
value

The current objective was to examine the ability of
the GAP score to predict mechanical complications af-
ter ASD surgery at a high-volume single center for spinal
deformity surgery. We hypothesized that the GAP score
would accurately predict the risk of mechanical complica-
tions after ASD surgery at our center.

Methods
Study Design

This study was a retrospective analysis of consecutive
surgical patients treated at a single center by a single de-
formity surgeon with at least 2 years of follow-up or me-
chanical failure at any time point. Following institution-
al review board approval, data were collected on spinal
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deformity operations that were performed between June
2015 and December 2018 by a single surgeon (L.G.L.).

Patient Population

Preoperative deformity criteria for enrollment were
identical to those of the original GAP study—age > 18
years and at least one of the following: coronal Cobb angle
>20° SVA > 5 cm, PT > 25°, or thoracic kyphosis > 60°.*
Operative requirements for study inclusion were also iden-
tical to the original GAP study: > 4 levels of posterior in-
strumented fusion, = 2 years of follow-up, and radiographs
at predetermined set points for review (immediately post-
operatively, at 6 weeks, and at 2 years).

Data Collection

Demographic data collected included age at time of
surgery, last date of follow-up, sex, diagnosis, and history
of prior spine surgery (decompression, fusion, or both).
Operative data included levels instrumented, 3-column
osteotomies (3COs), and pelvic fixation. Radiographic
data were collected at 2 time points—preoperatively and
6 weeks postoperatively—and included PI, SS, L1-S1 lor-
dosis, L4-S1 lordosis, and GT. All radiographic measure-
ments were performed with a validated image system by a
neurosurgical spinal deformity fellow familiar with spinal
measurements.

Outcome data collected included any mechanical com-
plication, which included PJK (defined as > 10° of kypho-
sis between the upper instrumented vertebra [UIV] and
UIV + 2 between early postoperative and later follow-up);
PJF (fracture of UIV or UIV + 1, pullout of instrumenta-
tion at UIV, and/or sagittal subluxation); distal junctional
kyphosis (DJK) or distal junctional failure (DJF) (> 10°
postoperative increase in kyphosis between the lower in-
strumented vertebra [LIV] and LIV — 1 and/or pullout of
instrumentation at LIV); rod breakage (single or double);
or other implant-related complication (screw loosening,
breakage, or pullout of interbody graft, hook, or set screw).

GAP Score Calculation

In addition to the previously described raw data, ad-
ditional “ideal” values were calculated to produce a final
GAP score in keeping with the original methodology as
follows: ideal SS (0.59 x PI + 9); ideal lumbar lordosis
(0.62 x PI + 29); and ideal GT (0.48 x PI — 15).* Both the
patient’s raw values and the calculated ideal values were
then used to calculate the 5 components of the GAP score.

1. Relative pelvic version was measured minus the ideal
SS: < —15° was severe retroversion (3 points), —15° to
—7.1° was moderate retroversion (2 points), —7° to 5°
was aligned (0 points), and > 5° was anteversion (1
point).

2. Relative lumbar lordosis was measured minus the ideal
lumbar lordosis: < —25° was severe hypolordosis (3
points), —25° to —14.1° was moderate hypolordosis (2
points), —14° to 11° was aligned (0 points), and > 11°
was hyperlordosis (3 points).

3. The lordosis distribution index was L4—S1 lordosis di-
vided by L1-S1 lordosis, multiplied by 100. An index <
40% was severe hypolordotic maldistribution (2 points),
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Parameter Value Subgroups Score
N : Categories
1. Relative Pelvic Version =718 Severe Retroversion 3 g
RPV = Measured ~ |deal Sacral Slope 5
Ideal sacral slope = Pl x 0.59 + (9) -15to -7.1 Moderate Retroversion 2
Tto5 Aligned 0
>5 Anteversion 1 = Total 0-2
- . - ! Proportioned
2. Relative Lumbar Lordosis <25 Severe Hypolordosis 3 ) P
RLL = Measured — Ideal Lumbar Lordosis .
Ideal Lumbar Lordosis = Pl x 0.62 + 29 25t0-14.1 Moderate Hypolordosis 2 =N
14 to 11 Aligned 0
=11 Hyperlordosis 3 )
3. Lordosis Distribution Index <40% Severe Hypolordotic 2 A
LDI = L4-S1 Lordosis / L1-81 Lordosis x 100 Maldistribution : Total 3-6
40-49% Moderate Hypolordotic 1 7 _Moderately
Maldistribution 5 Disproportioned
50-80% Aligned 0 'S
»
=80% Hyperlordotic Maldistribution 3 e
%
4. Relative Spinopelvic A|ignment >18 Severe Positive Malalignment 3 )
RSA = Measured — Ideal Global Tilt = - A
\deal Global Tilt = Pl x 0.48 — 15 1810 10.1 Moderate Positive Malalignment 1
10to -7 Aligned 0 N Total 27
- = i Severel,
<-7 Negative Malalignment 1 ) Dispropo rﬁlc: Hed
5. Age Factor <60 years | Younger 0 p
260 years Older 1

FIG. 1. Chart showing how to calculate the GAP score as defined by the original study (Yilgor et al.#). Figure is available in color

online only.

40%—-49% was moderate hypolordotic maldistribution
(1 point), 50%—80% was aligned (0 points), and > 80%
was hyperlordotic maldistribution (3 points).

4. Relative spinopelvic alignment was measured minus
ideal GT, a parameter that measures spinal alignment
and pelvic compensation not affected by changes in pa-
tient positioning that correlates well with quality of life
domains.? Relative spinopelvic alignment > 18° was se-
vere positive malalignment (3 points), 10.1° to 18° was
moderate positive malalignment (1 point), 10° to —7°
was aligned (0 points), and < —7° was negative mal-
alignment (1 point).

5. Age was dichotomized as adults < 60 years (0 points)
and elderly adults = 60 years (1 point).

These 5 values were used to categorize patients into
one of three spinopelvic groups in accordance with the
original paper: P, for total score 0—2; MD, for total score
3-6; or SD, for total score = 7 (Fig. 1).

Statistical Analysis

All study data were collected and managed using the
Research Electronic Data Capture (REDCap) tool at Co-
lumbia University Medical Center. REDCap is a secure,
web-based application designed to support data capture
for research studies, providing the following: 1) an intui-
tive interface for validated data entry; 2) audit trails for
tracking data manipulation and export procedures; 3) au-
tomated export procedures for seamless data downloads
to common statistical packages; and 4) procedures for im-
porting data from external sources.” Descriptive statisti-
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cal analysis was performed, which included the mean +
standard deviation for continuous variables and the num-
ber and percentage for count variables. After calculation
of each GAP score, patients were categorized into one of
three groups (P, MD, SD). A chi-square analysis was per-
formed to compare rates of mechanical complications be-
tween each group. In addition, a receiver operating char-
acteristic curve was used to assess the ability of the GAP
score to predict mechanical complications with an AUC
calculation. The Cochran-Armitage test was used to test
a linear association. Statistical significance was set at p <
0.05. All analyses were performed using R studio version
2.14.0.

Results
Demographics and Operative Data

A total of 67 patients treated between 2015 and 2017
met inclusion criteria and were included in the final analy-
sis (Table 1). Fifty patients (74.6%) were female, and the
mean patient age was 52.5 years (range 18—75 years). Thir-
ty-one patients (46%) were = 60 years old. The mean fol-
low-up was 2.0 years (range 0.1-3.3 years). Patients with
< 2 years of follow-up were included only if they had an
early mechanical complication. The mean number of lev-

els instrumented was 14.7, and 22% of patients underwent
a 3CO.

Postoperative Data
All radiographs were measured at 6 weeks postopera-
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TABLE 1. Preoperative, intraoperative, and postoperative TABLE 3. Mechanical complications in 20 patients with ASD
variables in 67 patients with ASD .
Variable Value
Variable Value No. of pts 20
No. of pts 67 Mechanical complication, no. (%) 20 (29.8%)
Preop PJK 11
Age in yrs, mean (range) 52.5 (18-75) Rod fracture 11
Follow-up in yrs, mean (range) 2.0(0.1-3.3) Pseudarthrosis 3
Male, no. (%) 17 (25.3%) DJK 2
Prior surgery, no. (%) 37 (55%) PJF 1
Decompression 30 (44.8%) Reop, no. (%)
Fusion 36 (53.7%) Entire cohort 13 (19.4%)
Diagnosis, no. (%) Pts w/ mechanical complications 13 (65.0%)
|diopathic 37 (55%)
Degenerative 18 (27%)
Neuromuscular 7 (10%)
Congenital 2 (3%) tL\fely (TabsleS 2). Th3e4n71eoa(n PI walslS66o.2; 7(r(a)1(r)1)gih27.1°—95£1;),
) : 0 the mean SS was 34.7° (range 11.6°-67.0°), the mean L1-
ig:z::gngz s kyphosis ; g"ﬁ ; S1 10rc}osis was 48.6° (rarlgeg 6.1°-83.6°), the mean L4-S1
lordosis was 36.6° (range 0°-65.1°), and the mean GT was
Intraop 21.6° (range 0.8°-43.4°). The mean GAP score was 4.8
Levels instrumented, mean + standard deviation 147+£5.2 (range 0-13). Categorizing patients using the GAP scores
3CO, no. (%) 15 (22%) gave the following results: P, 21 patients (31.3%); MD, 23
Pelvic fixation, no. (%) 55 (82%) patients (34.3%); and SD, 23 patients (34.3%).
Postop . v
PI, mean (range) 56.2° (271-95.4°) Me;ha“'tca' Ct‘?ml:"‘(:;;";;s) b — eat
° o wenty patients (29.8%) had a mechanical complication
ff_’sr:elz: d(c;zir;g:ean (range) iggo 2231 1€i;32762)) during th}é Etudy period with the following breaké)own: 11
> PJK, 11 rod fractures, 3 pseudarthroses, 2 DJK, and 1 PJF
L4~-81 lordosis, mean (range) 36.6° (0-65.1%) (Table 3). Thirteen patients (19.1%) required surgical revi-
GT, mean (range) 21.6° (0.8-43.4°) sion. The rate of mechanical complications for each group
GAP score, mean (range) 4.8 (0-13) was as follows: P, 19.0%; MD, 30.4%; and SD, 39.1% (Fig.
GAP groups, no. (%) 2). Th.ere. was no statistically significant difference in
P 21 (31.3%) complication rates among all three groups (> = 1.7_0, p=
0 0.19). The Cochran-Armitage test showed no significant
MD 23(34.3%) linear trend (p = 0.10) among all three groups. Assessing
) 23 (34.3%)

the GAP score’s ability to accurately predict the occur-

Pts = patients. rence of a mechanical complication, the AUC was 0.621
(Fig. 3), indicating poor discriminative ability of the GAP
score. Examples of patients with GAP scores incongruent
with their postoperative course are seen in Figs. 4 and 5.

TABLE 2. Lumbosacral measurements at 6 weeks

postoperatively in 67 patients with ASD

Postop Measurement Value e mCurrent Study = Original Study 90.2%

Pl, mean (range) 56.2° (27.1-95.4°)
SS, mean (range) 34.7° (11.6-67.0°) »
L1-S1 lordosis, mean (range) 48.6° (6.1-83.6°) n
L4-S1 lordosis, mean (range) 36.6° (0-65.1°) ®
GT, mean (range) 21.6° (0.8-43.4°) = el 39.1%
GAP score, mean (range) 4.8 (0-13) o 30.4%
GAP groups, no. (%) T %

P 21 (31.3%) 2 '

MD 23 (34.3%) 10 . ﬂ I

0
SD 23 (34.8%) Proportioned Moderately Severely
Disproportioned Disproportioned

FIG. 2. Rate of mechanical complications by study.
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FIG. 3. Receiver operating characteristic curve of the GAP score’s abil-
ity to predict mechanical complications (AUC = 0.621). Figure is avail-
able in color online only.

Discussion

The current objective was to validate the GAP score’s
ability to predict mechanical complications after ASD sur-
gery. As prior studies have shown,® we hypothesized that
the GAP score would accurately predict the risk of me-
chanical complications after ASD surgery. However, these
data suggest that the GAP score poorly discriminated be-
tween patients who sustained mechanical complications
and those who did not. The GAP score may underestimate
mechanical complications in patients with a P score and
overestimate the risk in patients with an MD or SD score.

Pre-op
Planned for T2-sacroilium L4/5 TLIF

s

6 weeks
GAP Score 3

The literature reveals a mixed ability of the GAP
score to predict mechanical complications. Jacobs et al.®
performed a two-center, retrospective cohort study of 39
patients and concluded that both the GAP score and the
Schwab-SRS classification were capable of predicting ra-
diographic evidence of mechanical failure, yet the GAP
score performed better with higher correlation.* Another
single-center study performed by Bari and colleagues’ at-
tempted to validate the GAP score with their retrospective
cohort of 149 consecutive patients who underwent defor-
mity correction. With an overall mechanical complication
rate of 51% and reoperation rate of 35%, the authors re-
ported an AUC of 0.50 and no linear association between
GAP score and occurrence of mechanical failure (p =
0.28) or revision surgery (p = 0.58). Similar to our cohort,
they noted a more heterogeneous study population and
several key methodological differences with the original
GAP study. Ohba et al.’> examined their cohort of 128 pa-
tients treated by two surgeons at a single center. Unfortu-
nately, an all-encompassing outcome of mechanical com-
plication was not used; however, rod fracture rates were
similar across all three GAP groups (P, 18.5%; MD, 13%;
SD, 18.9%). That said, the authors found strong correla-
tions between total GAP score and Oswestry Disability
Index and increased proximal junctional angle 2 years af-
ter surgery, suggesting that one element of the GAP score
(GT) had good predictive power, but not the entire score.

There are several differences between the current study
cohort and the original GAP cohort that may account for
the poor external validation. First, we have a shorter over-
all mean follow-up period of 2.0 years compared with the
original GAP study of 2.4 years, and it is possible that
some complications occurred in this longer follow-up du-
ration. In a review of 643 patients undergoing ASD sur-
gery, Pichelmann et al.!” cited a revision rate of 9.0%, in
which 29.3% of the revision surgeries occurred between 2
and up to 5 years postoperatively, 12.1% occurred between
at least 5 years to 10 years postoperatively, and 13.8%
(8/58) occurred > 10 years postoperatively. It is conceiv-

6 months
Proximal Junctional Kyphosis

FIG. 4. Radiographs obtained in a 69-year-old woman with a long-standing primary adult idiopathic deformity with degenerative
changes and lumbar stenosis with a low GAP score of 3 in the P group at 6 weeks postoperatively and with PJK noted at 6 months
postoperatively but not requiring revision thus far. TLIF = transforaminal lumbar interbody fusion.
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Pre-op
Planned for T2-sacroilium
L4 PSO, L5-S1 TLIF

6 weeks
GAP Score 10
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2 years
No mechanical complications

FIG. 5. Radiographs obtained in a 58-year-old woman with a prior L4-5 PSF presenting with severe fixed coronal and sagittal im-
balance with a high GAP score of 10 in the SD group at 6 weeks postoperatively, with no complications at 2 years postoperatively.
PSO = pedicle subtraction osteotomy.

able that some later complications were missed; however,
in comparison to the original GAP study, our follow-up
was only 5 months shorter. Second, the original GAP co-
hort was heterogeneous, involving many surgeons, sev-
eral centers, and varying intraoperative and postoperative
practices. Our center is a tertiary and quaternary referral
center specifically for spinal deformity, leading to a po-
tentially more homogeneous cohort of patients who have
self-selected to undergo surgery at a single center from a
group of three similarly trained surgeons. To this end, the
diagnoses differed heavily between cohorts. Our cohort
had 55% idiopathic and 27% degenerative deformities,
compared with 37% and 43%, respectively, in the original
derivation cohort. Third, the type of surgical approach and
implants may have differed. All our cases were done pos-
teriorly with a mean of 14.7 levels instrumented. Nearly
all of our surgeons used the same implants and construct
designs, including multirod constructs and large-diameter
pedicle screws and rods, which all introduce further selec-
tion bias. Unfortunately, the original GAP paper does not
mention the type of surgical approach or any surgical de-
tails. However, two figures showcase L1 to sacrum fusion
and T12 to sacrum fusion, both significantly smaller than
our mean levels fused, which was 14.7. These important
potential differences may explain our disparate results.
Despite clear benefits of the GAP score, these results
bring forth the possibility that certain unmeasured ele-
ments may contribute to mechanical complications. Sev-
eral patient demographics were not considered in the
original score, such as osteoporosis, the frailty score, and
other comorbidities. Noh and colleagues'! created a modi-
fied GAPB (GAP + BMI + bone mineral density) score
that accounted for patient BMI and age and found that the
GAPB score had the highest AUC (0.885), followed by the
original GAP score (0.798), age-adjusted alignment goals
(0.568), and SRS-Schwab classification (0.532). Given the
differences in the length of our constructs, it is conceivable

that these patient-specific factors become more important
when the extent of surgery increases. Additionally, our
high proportion of patients with adult idiopathic scolio-
sis, in whom coronal balance often outweighs the impor-
tance of sagittal correction, may require different criteria
to predict mechanical failures. Despite the simplicity and
usability of the GAP score, it is possible that more com-
plex and robust models that account for many preoperative
variables may have superior predictive capabilities. Scheer
et al.”? reported an AUC of 0.89 to predict perioperative
complications that included pain levels, osteoporosis, a
comorbidity index, and several patient-reported outcomes.
However, all complications, not solely mechanical com-
plications, were the outcome in this more complex model.

The current study is not without limitation. As always
with a retrospective analysis, there is an inherent selec-
tion bias and a prospective analysis for validation is war-
ranted. Our cohort also had a relatively small sample size
compared with larger studies, but had a very high mean
number of instrumented/fused levels of 14.7, highlighting
a potential source of variability among an already het-
erogeneous diagnosis of ASD. Furthermore, these results
represent the practice of one surgeon rather than a diverse
group of surgeons, and so may not be highly generaliz-
able, although the single-surgeon aspect of this analysis
decreases the variability in treatment philosophies. While
all measurements were taken by an experienced research
team familiar with spine surgery, reliability calculations
were not done. Future studies should aim to establish in-
traobserver and interobserver reliability. Furthermore, the
slightly shorter follow-up time versus the original study
may have underestimated the true prevalence of mechani-
cal complications within our cohort of patients with spi-
nal deformity, although all patients without a mechanical
complication were followed for a minimum of 2 years
postoperatively. Last, there may be patient-specific differ-
ences between European and North American spinopelvic
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parameters that make the derivation of a predictive score
different in each of these patient populations. To defini-
tively determine whether this score has external validity, a
multicenter North American validation study is necessary
to ensure appropriate control for the bias observed in our
cohort.

Conclusions

This single-center, single-surgeon study of consecu-
tive surgically treated patients with ASD found that the
GAP score poorly discriminated between patients who
sustained a mechanical complication and those who did
not. Several reasons exist for the poor external validity,
including varying diagnoses, patient differences, varying
surgical interventions, and institution- and surgeon-specif-
ic factors. Future studies including alternate variables in
addition to lumbopelvic parameters may more accurately
predict mechanical complications after ASD surgery. Ad-
ditionally, separate predictive scores for idiopathic versus
degenerative deformity pathologies may be warranted.
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