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Abstract

Objectives To study factors causing postoperative change of PI after surgical correction of ASD and to assess the effect of
this variability on postoperative PI-LL mismatch.

Background PI is used as an individual constant to define lumbar lordosis (LL) correction goal (PI-LL < 10). Postoperative changes
of PI were shown but with opposite vectors. The impact of the PI variability on the postoperative PI-LL has not been studied.
Methods The medical and radiographic data analyzed for patients who underwent long posterior instrumented spinal fusion.
Inclusion criteria are age, >20 years old; ASD due to degenerative disk disease (DDD) or scoliosis (DS); >3 levels fused;
and 2-year follow-up or revision. Studied parameters are LL (L1-S1), PI, sacral slope (SS), pelvic tilt (PT), and PI-LL.
Measurement error and postoperative changes were defined. Statistical analysis includes ANOVA, correlation, regression,
and risk assessment by odds ratio; P <0.05 considered statistically significant.

Results Eighty patients were included: mean age, 62.4 years-old (SD, 11.1); female, 63.7%; mean body mass index (BMI),
27.1 (SD, 5.6). Distribution of patients by follow-ups includes preoperative 100%; postoperative (1-3 weeks), 100%; 11-13
months. 90%; 22-26 months, 58%; and revision: 24%.

Pre- versus postoperative PI (API) changed both positively and negatively and the absolute value of changel APIl exceeded
measurement error (P <0.05) reaching as high as 31°, and progressed with time; R* dropped from 0.73 to 0.45 (P <0.001);
API depended on disproportional changes of SS and PT, preoperative PI, and change of LL. Obesity, DS, and absence of
sacroiliac fixation increased |APII. The risk of LL insufficient correction (PI-LL > 10°) associated with a IAPII> 6°, P=0.05.
Sacroiliac fixation diminished PI variability only during the first postoperative year.

Conclusion Preoperative variability and postoperative instability of PI diminish the applicability of the PI-LL < 10° goal to
plan correction of LL. An alternative method is offered.

Level of evidence 1V.

Keywords Spinal deformity correction - Sagittal spinopelvic alignment - Postoperative pelvic incidence instability

Introduction

Initially, pelvic incidence (PI) was considered an individual
constant characteristic determined by sacral slope (SS) and
pelvic tilt (PT): PI=SS+PT [1]. According to this concept,
PI is currently regarded as an invariable input parameter as
a criterion for spinal correction: PI-LL < 10°, where lumbar
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lordosis (LL) is a variable index [2, 3]. This is used for spinal
correction planning. However, application of this criterion in
surgery yielded the recommended range in only ~ 50%, while
deterioration was observed in = 14% at 1-year follow-up after
instrumented correction of adult spine deformity (ASD) [4].
This revealed that PI might change after long instrumented
spinal correction [5—7]. One study showed an increase on
average, 11.4° without sacroiliac fixation, and 5.9° with
sacroiliac fixation at more than 1-year follow-ups [6]. Other
studies revealed a decrease of PI immediately after correc-
tion with sacroiliac fixation [5, 7] and then increase at 1-year
follow-up that was more prominent if the iliac screws loos-
ened [7]. The immediate postoperative increase of P1>10°
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amplified the risk of sagittal imbalance at 1-year postoperative
and risk of iliac screw loosening [7]. It was also shown that
the magnitude of PI change increases with increasing age; is
proportional to the body mass index (BMI) [8]; and changes
from extension to flexion with differences reaching 12° [9].
Changes of PI after surgical correction of severe ASD had
association with preoperative sagittal imbalance and level of
it correction, preoperative PI, number of spinal levels fused,
and caudal level of fusion [10]. This effect can be explained
by the physiological and/or pathological spatial displacing of
the pelvic and mobility of the sacrum relative to the pelvis
through the sacroiliac joints. Radiographically, this mobil-
ity may be defined as disproportional changes of SS(ASS)
versus PT(APT), the algebraic sum of which equal the PI
change: API=ASS + APT [9]. Overall, previous studies
showed that PI is not constant, and its postoperative changes
may have clinical consequences. However, some clinically
important details require elucidation: (a) factors influencing
the PI instability at short- and long-term follow-ups besides
sacroiliac fixation and (b) impact of the PI instability on post-
operative PI-LL. Thus, the purpose of this study is to reveal
factors causing postoperative variability of PI after surgical
correction of ASD at short- and long-term follow-ups and to
assess the influence of this variability on postoperative PI-LLL
mismatch.

Materials and methods

A retrospective, case series study performed after the Insti-
tutional Review Board approval (#14-1258). The medical
records and radiographic images collected and analyzed for
a consecutive group of patients who underwent long poste-
rior instrumented spinal fusion (PIF) for correction of ASD
between 2006 and 2016. Inclusion criteria are age, > 20 years
old; primary or revision surgery for ASD secondary to
degenerative disk disease (DDD) or idiopathic scoliosis
(DS); use or not use of vertebral interbody fusion (VIF)
and/or osteotomy; > 3 spinal levels PIF construct; postopera-
tive observation during 2 years or revision/reoperation; and
available adequate quality radiographic images. The exclu-
sion criteria: < 20 years old; < 3 levels PIF; malignancy;
infection; osteomyelitis; inherited and/or severe metabolic
diseases; and trauma of spine, pelvis, hips or extremities,
and absence of satisfactory radiographic images. The X-rays
included the standard standing sagittal imaging of the full
spine and pelvis with hip joints performed preoperatively
and at postoperative follow-ups: immediate (1-3 weeks), 6
(5-7) months, 12 (11-13) months, and 24 (22-26) months.

Demographic and clinical data were extracted from the
medical records by an experienced researcher under super-
vision of the principal investigator (PI). The radiographic
images were obtained from the clinical electronic database.
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The studied parameters included LL (L1-S1), PI, SS, PT,
and PI-LL. All measurements were taken in accordance
with previously described and accepted methods using Sur-
gimap (New York, NY, USA) software [1, 2]. An experienced
researcher completed all the measurements (first independent
evaluation); after that, another experienced researcher blind
to the results of the first evaluation remeasured all the stud-
ied variables (second independent evaluation); then, 20% of
images from the image pool were randomly selected and a
third independent experienced evaluator blind to the results
of these two evaluations taken measurements of the studied
characteristics (third independent evaluation). Coincidence
between these independent evaluations was assessed by the
linear regression analysis. The inter-measurement reliability
was defined by the coefficient of determination (R?) and sta-
tistical significance by the F Test. The root mean square error
(RMSE) of the linear fit of variables obtained by the different
independent evaluations was considered as the measurement
error [11]. The collected demographic, clinical, and radio-
graphic variables were entered into an electronic database
designed for further statistical analysis. The data quality con-
trol was performed by the researchers, principal investigator,
and the statistician. Disagreements were resolved by discus-
sion. The principal investigator made the final decision con-
cerning the inclusion or exclusion of each case based on the
results of discussion. Statistical analysis included: (1) analysis
of variances (ANOVA) to define preoperative status and the
general trend of the postoperative changes at each follow-up,
P value was defined by the paired two-tailed ¢ test; (2) linear
regression analysis to define the inter-measurement reliability,
and linkage between the studied continuous characteristics at
different follow-ups, P value was assessed by the F test; (3)
logistic regression to assess an association between categori-
cal and continuous characteristics, P value was defined by the
y-test; and (4) odds ratio to define an association between the
risk of the studied events with categorical characteristics, P
value was defined by the Fisher’s exact test; P <0.05 consid-
ered as statistically significant [11]. The statistical program
JMP® Pro 13.2.1 (2016, SAS Institute Inc.; http://www.jmp.
com) was used for analysis. To better understand the preopera-
tive status and trends of the postoperative changes, we used
parameters typical for subjects without spinal deformity as
optimal values: LL(L1-S1), 40°-70° [8]; PT, <20° [3]; SS,
28°-48° [8]; PI, 39°-62° [8]; PI-LL < 10° [8].

Results

The medical records of 80 patients were included in the
study: the mean age, 62.4 (SD, 11.1); female, 63.7%; the
mean BMI, 27.1 (SD, 5.6); DDD, 60%; DS, 40%; smok-
ing, 8.7%; osteoporosis, 32.5%; primary index operation,
26.3%; use of osteotomy, 58.7%; the mean number of spinal
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levels fused, 7.3(SD, 3.4); use of vertebral interbody fusion,
47.5% (anterior, 17.5%; transforaminal, 21.3%; axial, 6.2;
and combination, 2.5%); and distal level of fusion: lumbar,
27.5%; lumbosacral, 51.2%; and sacroiliac with bolts and
iliac screws, 21.7%, Table 1. All included patients had sat-
isfactory quality X-ray images preoperatively, immediately
after operation and at 6-month follow-up; 90% at 12-month
follow-up, and 58% at 24-month follow-up; 24% were
excluded from further analysis due to revision/reoperation
after the index operation; 19% had unsatisfactory quality or
absence of radiographic images at last follow-up. Postopera-
tive complications during the whole period of observation

occurred in 38% of patients including: proximal junctional
kyphosis/failure, 32.5%; infection, 2.5%; vertebral fracture,
15%; instrumentation failure, 6.3%; pseudarthrosis, 6.3%;
distal segment degeneration, 1.3%, Table 2.

The inter-measurement reliability was high for all studied
parameters with R? ranging from 0.76 to 0.86 (P <0.001),
and the root mean square error (RMSE) from 3.9° to 6.2°
which was regarded as the measurement error, Table 3.

The mean preoperative LL was 38.0° (SD, 6.0°; min.,
2°; max., 85°), 40% were optimal. It increased after cor-
rection on average 10.4°-11.4°. This effect was statistically

Table 1 Main characteristics of

the studied group (N =80) Characteristic (units) Subgroup Statistical index Value

Age (year) NA Mean (SD); min; max 62.4 (11.1); 22;83

Gender Male N (%) 29 (36.3)
Female N (%) 51 (63.7)

BMI (conditional units) NA Mean (SD); min; max 27.1 (5.6);16;42

Primary diagnosis DDD N (%) 48 (60)
DS N (%) 32 (40)

Concomitant diseases Smoking N (%) 7(8.7)
Osteoporosis N (%) 26 (32.5)

Index operation Primary N (%) 21 (26.3)
Revision/ reoperation N (%) 59 (73.7)

Use of osteotomy No N (%) 33 (41.3)
Smith—Petersen N (%) 16 (20)
Pedicle subtraction N (%) 30 (37.5)
Vertebral column resection N (%) 1(1.2)

Spinal levels of osteotomy  Lumbar/lumbosacral (S1/L1) N (%) 35 (43.8)
Thoracolumbar (L4/T9) N (%) 5(6.2)
Thoracic (T12/T3) N (%) 7(8.7)

Number of levels fused NA Mean(SD); min; max 7.3 (3.4);3;15

Caudal fixation/fusion Lumbar N (%) 12 (27.5)
Lumbosacral N (%) 41 (51.2)
Sacroiliac N (%) 17 (21.3)

Vertebral interbody fusion ~ Yes N (%) 38 (47.5)

NA not applicable, DDD degenerative disk disease, DS degenerative scoliosis, N number of subjects

Table 2 Follow-up characteristics of the studied group

Characteristics N (%)
Follow-up
Preoperative 80 (100)
Postoperative: immediate (1-3 weeks) 80 (100)
6 months (5-7 months) 80 (100)
12 months (11-13 months) 72 (90)
24 months (22—-26 months) 46 (58)
Total number of patients excluded from further analysis due to revision/reoperation after the index operation 19 (24)
Dropout at 24-month follow-up 15 (19)
Total number of patients with postoperative complications 30 (38)
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Table 3 Inter-measurement reliability assessment

Studied characteristics (units) N r R? RMSE P(F)

Lumbar lordosis (°) 398 0.92 0.85 6.0 <0.001
Sacral slope (°) 398 0.87 0.76 5.3 <0.001
Pelvic tilt (°) 398 0.88 0.78 3.9 <0.001
Pelvic incidence (°) 398 092 0.86 4.7 <0.001

Pelvic incidence—Lumbar 398 09 0.81 6.2 <0.001

lordosis mismatch (°)

N the number of variables that were measured by two independent
evaluators including: first versus second, first versus third, and second
versus third, r the Pearson correlation coefficient between independ-
ent evaluations, R’ the coefficient of determination that was obtained
by linear regression analysis of the independent evaluations, RMSE
the root mean square error of the linear fit of the independent meas-
urements by the linear regression (the+RMSE was considered as a
measurement error)

Table 4 Postoperative change of the studied spinopelvic parameters

significant (P <0.001) at all follow-ups. The percentage of
optimal values rose to 61-67%, Table 4.

The mean preoperative PI was 54.7° (SD, 13.5°; min.,
25°; max., 86°), 56% were optimal. It tended to increase
after correction on average 1.2°-2.4° but these changes were
not statistically significant (0.1 > P <0.2). The percentage
of optimal values rose to 61-69%, Table 4. However, differ-
ences between postoperative and preoperative PI in individ-
ual patients varied from — 31° to+27° reaching a maximum
at 24-month follow-up, the RMSE between the preoperative
and postoperative values ranged from 7.1° to 9.0° exceed-
ing the measurement error, 4.7° (Table 3), Fig. 1. The rate
of patients with postoperative change of PI exceeding the
measurement error in absolute value was immediately post-
operative, 36.3% (P =0.005); at 12-month follow-up, 47.2%
(P<0.001); and at 24-month follow-up, 46.6% (P =0.003).

The mean preoperative PI-LL was 16.7° (SD, 17.0°; min.,
— 21°; max., 55°), 35% were optimal. It decreased after cor-
rection on average from — 8.4° to — 9.8° significantly at all

Parameter (units) Optimal range Follow-up (month)

Value in the studied group

N Optimal (%) M SD MD t P
LL (°) 40-70 Preop 80 40 38.0 6.0 NA NA NA
Postop.: immediate 80 67 48.8 15.5 10.7 6.23 <0.0001
6 months 80 65 49.2 15.7 11.2 6.27 <0.0001
12 months 72 61 48.7 16.5 11.4 5.86 <0.0001
24 months 46 65 48.8 16.1 10.4 3.88 0.0003
PI(°) 39-62 Preop 80 56 54.7 135 NA NA NA
Postop.: immediate 80 61 559 13.7 1.2 1.44 0.15
6 months 80 66 56.0 12.6 1.3 1.30 0.19
12 months 72 69 56.3 12.3 1.6 1.53 0.13
24 months 46 65 57.1 11.9 22 1.52 0.13
PI-LL (°) <10 Preop 80 35 16.7 17.0 NA NA NA
Postop.: immediate 80 66 7.1 15.3 -9.6 -5.99 <0.0001
6 months 80 58 6.9 15.2 -938 —-6.12 <0.0001
12 months 72 63 7.6 15.0 -9.7 -5.55 <0.0001
24 months 46 57 8.3 15.5 -84 -3.07 0.0036
PT (°) <20 Preop 80 34 24.3 9.9 NA NA NA
Postop.: immediate 80 48 20.8 9.7 -43 -4.32 <0.0001
6 months 80 39 22.7 9.2 -23 -247 0.018
12 months 72 38 22.4 9.1 -33 -3.23 0.002
24 months 46 39 222 8.8 -24 -145 0.152
SS (°) 28-48 Preop 80 50 29.7 11.2 NA NA NA
Postop.: immediate 80 56 35.1 11.3 54 5.11 <0.0001
6 months 80 54 333 10.7 3.7 2.88 0.005
12 months 72 56 339 11.6 4.8 3.51 0.001
24 months 46 67 349 10.8 45 2.54 0.015

LL lumbar lordosis measured by Cobb method using cranial endplates of L1 and S1 vertebrae, PI pelvic incidence, PT pelvic tilt, SS sacral slope,
N the number of patients, optimal (%) the percent of patients with the parameter within the optimal range, M the mean value, SD the standard
deviation, MD the mean difference between postoperative versus preoperative values, ¢ the 7 coefficient by the paired, two-tailed ¢ test, P the P

value defined by the ¢ coefficient, NA the not applicable
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Fig.1 The linear regression (y=b+4+a X x) of the postoperative
PI(y) by the preoperative PI(x) after surgical correction of adult
spine deformity (ASD) at different follow-ups. (1) The expected
regression line based on the hypothesis that PI is constant: PI
(postop.) =PI(preop.); accordingly, the coefficient of determina-
tion, RZ=1; a=1; b=0; and the root mean square error (RMSE)
approximate the mean difference between two independent measure-
ments in absolute value (measurement error) equal 4.7° in the current
study, Table 3. (2) The regression line immediately after correction:
a=0.9; b=8.4; R*=0.73; RMSE=7.1; N=80; P<0.001. (3) The
regression line at 12-month follow-up: a=0.75; b=15.3; R2=0.71;
RMSE=8.1; N=72; P<0.001. (4) The regression line at 24-month
follow-up: a=0.66; b=20.7; R*=045; RMSE=9.0; N=46;
P<0.001

follow-ups (P < 0.005); the rate of optimal values increased
to 66% immediately after operation, but then dropped to 57%
at 24-month postoperative, Table 4.

The mean preoperative PT was 24.3° (SD, 9.9°; min.,
2°; max., 47°), 34% were optimal. It decreased on average
— 4.3° immediately postoperatively (P <0.0001), but then
correction decreased steadily to only — 2.4° at 24-month
follow-up which is not significant (P =0.15); the rate of opti-
mal values was 48% immediately after operation, but then
decreased to 39% at 24-month postoperative, Table 4.

The mean SS was 29.7° (SD, 11.2°; min., 1°; max., 60°)
before correction, 50% were optimal; SS increased on aver-
age 5.4° immediately postoperative (P <0.0001), but then
correction decreased to 4.5° at 24-month follow-up but
was still significant (P =0.015); the rate of optimal values
ranged from 56% immediately after the operation to 67% at
24-month postoperative, Table 4.

The regression analysis showed that the deviation
between the postoperative and preoperative PI increased
steadily during two postoperative years: R> dropped from
0.73 immediately postoperative to 0.45 at 24-month fol-
low-up; the RMSE exceeded the measurement error at all
follow-ups and reached 9° at 24-month follow-up. Of note,

Postoperative PI(Y) by preoperative PI(X), in patients with sacroiliac
fixation(degree) at different follow-ups
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Fig.2 The linear regression (y=b+a X x) of the postoperative PI(y)
by the preoperative PI(x) after surgical correction of adult spine
deformity (ASD) with sacroiliac fixation at different follow-ups. (1)
The expected regression line based on the hypothesis that PI is con-
stant: PI (postop.) =PI (preop.); accordingly, the coefficient of deter-
mination, R>=1; a=1; b=0; and the root mean square error (RMSE)
approximate the mean difference between two independent measure-
ments in absolute value (measurement error), which is 4.7° in the cur-
rent study, Table 3. (2) The regression line immediately after correc-
tion: a=0.85; b=— 6.1; R*=0.85; RMSE=4.5; N=17; P<0.0001.
(3) The regression line at 12-month follow-up: a=0.79; b=14.9;
R?>=0.63; RMSE=6.2; N=17; P<0.001. (4) The regression line
at 24-month follow-up: a=0.28; b=52.5; R?>=0.28; RMSE=10.3;
N=14; P=0.36

these changes had different vectors depending on the pre-
operative PI: <39° increase; > 62° decrease; 39°—62° had
minimal changes. This effect was more prominent at 12-
and 24-month follow-ups, Fig. 1. The sacroiliac fixation
somewhat diminished the PI instability immediately after
the operation and at 1-year postoperative, but not at 2-year
follow-up, Fig. 2.

The postoperative changes of PI(API) at 12-month
follow-up had significant negative Spearman’s correla-
tion with preoperative PI (p=— 0.34, P=0.004) and SS
(p=—0.25, P=0.04), and positive correlation with postop-
erative changes: ALL (p=0.4, P<0.001), ASS (p=0.62,
P <0.001), and the algebraic sum of ASS and APT (p=1.0,
P <0.001), Table 5. Of note, the postoperative ASS strongly
correlated with ALL (0.55>p <0.7,<0.0001) and with API
(0.48>p<0.68,<0.001) at all follow-ups.
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Table 5 Spearman’s correlation

L Studied characteristics Number of pairs Postoperative change of PI (API), P value

of the of the pelvic incidence analyzed Spearman’s correlation (p)

postoperative change (API)

with the changes of the other Preoperative value

spmopelvw parameters and Lumbar lordosis (LL) 72 -0.1 0.66

potential confounders at

12-month follow-up Pelvic incidence (PI) 72 —-0.34 0.0037
Pelvic tilt (PT) 72 -0.15 0.21
Sacral slopes (SS) 72 —-0.25 0.037
PI-LL 72 0.19 0.101

Postoperative change

Lumbar lordosis (ALL) 72 0.4 0.0005
Pelvic tilt (APT) 72 0.09 0.45
Sacral slope (ASS) 72 0.62 <0.0001
ASS +APT 72 1.0 <0.0001

The postoperative change of the spinopelvic parameters (A) defined as the difference between postopera-

tive versus preoperative values

Postoperative API(Y) by postoperative ALL(X), degree
Y 25

20
15

10

~~~~~ [1]Expected (APIzALL)
===[2]API (postop. immediate - preop.)

[3]API (postop.-preop.) at 12mth
[4]API (postop.-preop.)at 24mth

Fig.3 The linear regression (y=b+a X x) of the postoperative
change of pelvic incidence (API=y) by the postoperative change of
lumbar lordosis (ALL=x) after surgical correction of adult spine
deformity (ASD) at different follow-ups. (1) The expected regression
line based on the hypothesis that PI is constant, and therefore, post-
operative changes of LL do not have any correlation with postopera-
tive changes of PI. Postoperative changes of PI should approximate
to O and not exceed a measurement error: accordingly, the coefficient
of determination, R*=0; a=0; »=0; and the root mean square error
(RMSE) approximate the measurement error, 4.7° in the current
study, Table 3. (2) The regression line immediately after correction:
a=0.18; b=— 0.8; R*=0.15; RMSE=6.7; N=80; P <0.001. (3) The
regression line at 12-month follow-up: a=0.18; »=0.09; R*=0.14;
RMSE=7.2; N=72; P=0.001. (4) The regression line at 24-month
follow-up: a=0.36; b=0.8; R?=0.22; RMSE=8.5; N=46; P=0.001

The regression analysis confirmed that postoperative
ALL correlated with postoperative API, and this correla-
tion was highest at 24-month follow-up, Fig. 3. The same
trend was observed in patients with sacroiliac fixation, but it
was less prominent and statistically insignificant due to the
small number of cases.

@ Springer

The postoperative ASS and APT were not equivalent. In
particular, the APT were on average 40%—45% less than the
corresponding ASS, and this disproportion was higher at
12- and 24-month follow-ups, Fig. 4. The algebraic sum of
postoperative ASS and APT reflects the difference between
these changes and maximally ranged from -31° to 27° deter-
mining the postoperative API, Table 5.

Additional factors which may influence postoperative
instability of PI were a diagnosis (DS rather than DDD),
BMI (obesity), and caudal level of fusion (lumbar, lumbosa-
cral, and sacroiliac) by the results of multiple regression
analysis at 12-month follow-up, Fig. 5.

Factors associated with insufficient correction (postop-
erative PI-LL > 10°) at 12- and 24-month follow-up were
preoperative: PI> 62° (P <0.05), preoperative LL <37°
(P <0.05), correction of LL < 10° (P <0.02), and postop-
erative deviation of PI (IAPII>6°, P<0.01) at 24-month
follow-up, Table 6.

Discussion

It has previously been shown that PI might change after
surgical correction of ASD confirming inaccuracy of the
previous concept concerning PI constancy [5-7, 10]. This
effect was explained by the mobility of the sacrum relative
to the pelvis through the sacroiliac joints due to physiologic
properties and/or degenerative changes [6, 7, 9]. However,
this assumption was not confirmed by computed tomography
(CT). Therefore, we performed an additional research and
revealed those patients from the studied group who had CT
examination of lumbosacral spine before and after the index
operation during two postoperative years, 28 such patients
were revealed. The obtained results confirmed that posi-
tion of sacrum relatively to pelvis may change after instru-
mented correction of ASD, and this change correlates with
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APTpostop.-preop. (Y) by ASSpostop.-preop. (X)
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Fig.4 The linear regression (y=b+a X x) of the postoperative
change of pelvic tilt (APT=y) by the postoperative change of sacral
slope (ASS=ux) after surgical correction of adult spine deformity
(ASD) at different follow-ups. (1) The expected regression line based
on the hypothesis that PI is constant; therefore, postoperative changes
of PT and SS are equal in absolute values but have opposed vectors:
ASS (preop. -postop.)=-— 1 X APT (postop. -preop.); accordingly,
the coefficient of determination, R>=1; a=— 1; b=0; and the root
mean square error (RMSE) approximate the mean absolute difference
between two independent measurements (measurement error), 3.9° in
the current study, Table 3. (2) The regression line immediately after
correction: a=— 0.63; b=— 0.8; R*=0.47; RMSE=6.4; N=380;
P <0.001. (3) The regression line at 12-month follow-up: a=0.49;
b=—0.87; R>=0.44; RMSE=6.5; N=72; P<0.001. (4) The regres-
sion line at 24-month follow-up: a¢=0.32; b=— 0.55; R2=0.44;
RMSE=8.5; N=46; P<0.001

the postoperative change of PI. Besides, it was revealed that
patients with ASD often have substantial preoperative spatial
displacing of pelvic with the coronal (frontal) and/or axial
(rotational) obliquity. These obliquities reached 8°-10° in
supine position during CT scanning and had negative cor-
relation with PI and SS defined at sagittal plane radiographic
images obtained in standard standing position. It means that
higher obliquity of pelvic in coronal or axial projection or
their combination corresponded with smaller values of SS
and PI. Postoperative elimination or decrease of these oblig-
uities linked with increase of PI, while increase of these
obliquities linked with postoperative decrease of PI (nega-
tive correlation). These additional results contribute to bet-
ter understanding the mechanisms of the postoperative PI
instability. It was assumed that sacroiliac/pelvic fixation
should eliminate postoperative instability of spinopelvic
characteristics. However, further research showed that PI
may increase [6] or decrease [S5, 7] even after sacroiliac

Bivariate fit of |API| at 1-year follow-up by Prediction Formula
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Prediction Formula

Fig.5 Impact of confounding factors on the postoperative devia-
tion of pelvic incidence |IAPI) by results of the multiple regression
analysis. Prediction formula: IAPII=0.18 + X, +0.24X,+X;, where:
IAPII, the postoperative change of PI in absolute value at 12-month
follow-up; X,, match primary diagnosis degenerative disk disease
(DDD), (— 1.4), and degenerative scoliosis (DS), 1.4; X,, BMI; X,
match caudal fixation: lumbar, 1.2; lumbosacral, 0.25; and sacroiliac,
— 1.5; coefficient of determination, R2=0.13; root mean square error,
RMSE=5.4; P=0.045

fixation, and this effect is time-dependent [5—7]. The oppo-
site directions of the PI change were not explained [7]. The
current study revealed a few factors, which contribute to
the PI postoperative instability and linked with a vector of
the change. One of them is the preoperative value of PI: if
PI<39°, it tends to increase; if PI> 62°, it tends to decrease;
39°>PI <62° is the most stable after correction. This find-
ing may be linked with the preoperative spatial displacing
of pelvis which may change after correction. The changes of
PI continued during two postoperative years, Fig. 1. Likely,
this is a result of postoperative mechanical stress in the
lumbosacral and sacroiliac joints, which slowly results in a
shifting of the pelvic spatial position and position of sacrum
relative to the pelvis. Sacroiliac fusion mitigates this stress
and diminishes the mobility but only immediately after
the operation, and during the first postoperative year, after
that, stabilization reduced, Fig. 2. This may be due to influ-
ence of following factors: (1) sacroiliac fixation does not
eliminate postoperative changes of pelvic position including
coronal and axial; and (2) time-dependent decrease of inter-
surface connection between bone and implanted screws is
caused by the permanent strain. This provokes bone resorp-
tion around the screws, decreases the stiffness of fixation,
and increases displacement of sacrum relatively to pelvic
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Table 6 Factors associated with insufficient postoperative correction of spinopelvic alignment (PI-LL > 10°) in adult spine deformity (ASD)

Factor (units) Follow-up Value/range PI-LL, N (%) Odds ratio (95% Conf. lim.) P value (two-sided
(month) Fisher’s Exact Test)
>10° <10°
PI preop. (°) 12 15;38 1(1D) 8 (89) 1 0.045
39:62 15 (34) 29 (66) 4.0 (0.5;36.3)
63; 80 11 (58) 8 (42) 11.0 (1.1;106.4)
24 15;38 1 (20) 4 (80) 1 0.58
39; 62 11 (37) 19 (63) 2.3(0.2;23.4)
63; 80 5 (50) 5(50) 4.0 (0.3;49.0)
LL preop. (°) 12 2; 36 16 (55) 13 (45) 3.6 (1.3;9.8) 0.014
37, 86 11 (26) 32 (74)
24 2; 36 11 (61) 7 (39) 5.5(1.5;20.4) 0.012
37, 86 6 (22) 21 (78)
ALL (°) 12 -22;9 20 (53) 18 (47) 4.3(1.5;12.2) 0.0072
10;55 7(221) 27 (79)
24 -29; 6 11 (58) 8 (42) 4.6 (1.3;16.6) 0.029
7,47 6(23) 20 (77)
IAPII (°) 12 7; 25 12 (40) 18 (60) 1.2(0.5;3.2) 0.81
0; 6 15 (36) 27 (64)
24 7; 31 12 (63) 7037 7.2 (1.9;27.8) 0.0047
0;6 5(19) 21 (81)

PI pelvic incidence, LL lumbar lordosis (L1-S1), N number of patients, ALL the difference of postoperative versus preoperative LL, IAPIl the dif-

ference of postoperative versus preoperative PI in absolute values

through sacroiliac joints contributing to the postoperative
PI change [11]. However, this requires further research. The
next factor is disproportionality in changes of SS and PT
after the correction, which determine value and vector of the
PI changes: API=ASS + APT. If the postoperative increase
of SS is equivalent to the decrease of PT, PI is constant. If
the postoperative increase of SS exceeds the decrease of
PT, PI increases [6]. If the postoperative increase of SS is
less than the decrease of PT, PI decreases [7]. Of note, SS
defined as a projection of S1 cranial endplate at sagittal
plane radiographic image highly depend on coronal and axial
obliquity of sacrum/pelvic which may substantially decrease
value of this parameter, and correspondingly PI. In some
patients, SS and PT may increase simultaneously reflecting
a substantial postoperative spatial displacement of the pel-
vic in different projections and the sacrum relatively to the
pelvis. In such cases, PI may increase dramatically. It may
be accompanied by the loss of sagittal balance, Fig. 6. If not,
substantial retroversion of the pelvis may affect hip joints,
Fig. 7. The preoperative spinopelvic alignment including PI,
LL, SS, and PT, level of LL correction, and type of low-level
fixation (lumbar, lumbosacral, or sacroiliac) correlates with
postoperative changes of SS, PT, and PI. Of note, changes
of LL correlate with the changes of SS and PI, and this cor-
relation increases with time, Table 5, Fig. 3. Diagnosis (DS)
and obesity also enhanced postoperative variability of PI,
Fig. 5. The impact of obesity has been shown previously [8,

@ Springer

9]. It was recently shown that changes of PI after surgical
instrumented correction of ASD associated with severity of
preoperative sagittal imbalance, level of it correction, pre-
operative PI, number of spinal levels fused, and caudal level
of fixation [10]. This well corresponds with the results of
current study concerning postoperative instability of PI and
compliments it.

The significant changes of the mean PI-LL toward
improvement were at all follow-ups, Table 4. However, the
recommended range (PI-LL < 10°) was reached in only 66%
immediately after the correction and then dropped to 57%
at 24-month follow-up, Table 4. This well corresponds with
the previously published data [4]. However, we revealed that
the insufficient correction (PI-LL > 10°) is associated with
high preoperative PI (> 62°), low preoperative LL (<37°),
correction of LL < 10°, and postoperative deviation of PI,
API>16°l, Table 6. It means that in patients with high pre-
operative PI and low LL, it is difficult to reach the recom-
mended level of correction. This raises the question con-
cerning the adequacy of the criterion PI-LL < 10 in some
cases. For example, if a patient has preoperative PI=80° and
LL =25°, the corrected LL should be >70°, and LL should
be increased by >45°. Of note, this may change PI, Figs. 3,
7, which decreases the likelihood to reach the planned result.
Besides, an increase of LL > 30° and PI> 10° raises the risk
of mechanical complications such as rod fracture and screw
loosening [7, 11, 12]. Therefore, we propose an alternative
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Fig.6 Postoperative change of low preoperative pelvic incidence
(PI) after correction of severe kyphoscoliosis. a Preoperative status:
67-year-old man with preoperative severe idiopathic kyphoscoliosis
complicated by degenerative disk disease and lumbar stenosis. Rela-
tively small PI (32°, bold black lines) due to the small sacral slope
(SS=11°) while the pelvic tilt (PT) close to the optimal range (21°),
lumbar lordosis is also small (LL=25°). Insufficient superposition
of hip joints is due to spatial displacing of pelvic as an element of
spine deformity. b Postoperative status immediate after correction
by T3-L4 posterior instrumented fusion with L3/L.4 decompression,
transforaminal interbody fusion by cage placement (1), and multilevel
(T5-T11) Smith—Petersen osteotomy. The result: LL increased to
the level of preoperative PI (PI-LL =1°); however, PI also increased
immediately after the correction to 50° due to the increase of SS from
11° to 21° and PT from 21° to 29° suggesting the displacement of
sacrum relatively to pelvis; correspondingly, PI-LL increased from

7° to 19° instead of expected decrease. Insufficient superposition
of hip joints is due to spatial displacing of pelvic as an element of
spine deformity which was not corrected. ¢ Postoperative status at
35-month follow-up: distal segment degeneration with deforma-
tion and/or fracture of L3 (2), subsidence of the interbody cage (3),
collapse of L4/L5 and L5/S1 intervertebral discs(4) with L5/S1
spondylolisthesis, loss of sagittal balance and the corrected LL, and
progression of proximal junctional kyphosis; PI is still higher than
before correction, 51°; tendency to progression of the pelvis retrover-
sion indicated by the further increase of PT to 32°; PI-LL increased
to 39°. a It seems that initial correction of LL to the optimal range
in healthy subjects (40°-70°) rather than to the preoperative PI (32°)
would have contributed to preventing the loss of correction and
improve the postoperative spinopelvic alignment in this case. Well
superposition of hip joins suggests optimization of the pelvic spatial
position
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11/24/14
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approach based on two key parameters: (1) the minimum
optimal value of LL in healthy subjects (40°) and (2) the
maximum LL that does not increase the risk of mechanical
complications, equal to the preoperative LL +30°, 55° in this
example. Thus, the corrected LL should be between 40° and
55°. Theoretically, this is enough to keep sagittal balance,
minimize the risk of instrumentation failure, and is much
easier to reach. If preoperative PI is low (<39°) applying of
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the PI-LL < 10° criterion provides under-correction of LL
which then may cause loss of sagittal balance and other com-
plications as an example at Fig. 6. The presented alternative
approach is applicable in this case too. Theoretically, this
method could decrease the risk of complications and con-
tribute to better outcomes after surgical correction of ASD.

The main limitations of the current study are retrospective
design and dropout at last follow-up, which diminishes the
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«Fig.7 Progressive increase of PI after repetitive surgical treatment
of severe degenerative disk disease (DDD) by instrumented spinal
fusion. a Preoperative status: Female, 60 years old, primary diagno-
sis: DDD with radiculopathy, back pain, and lumbar stenosis, status
after previous decompression with posterior instrumented lumbar
fusion (L3/L4). Pelvic incidence (PI) is relatively high (73.2°) due to
high PT (28.9°) suggesting retroversion of the pelvis, SS is optimal
(44°); lumbar lordosis (LL) looks optimal (59.1°) but PI-LL =14°
exceeding the recommended threshold (10°) due to high PI, no sagit-
tal imbalance (SVA =6.3 mm). Insufficient superposition of hip joints
is due to spatial displacing of pelvic as an element of spine deform-
ity. b Postoperative status immediate after correction. The previous
posterior fusion extended (T10-S1) with lumbosacral fixation and
cross-link hardware between L2 and L3. PI increased to 89.2° due to
increase of PT to 39.6° and SS to 49.6° suggesting displacement of
the sacrum relatively to the pelvis with additional retroversion of the
pelvis; LL did not change substantially but PI-LL increased to 26.4°
due to increasing PI, no sagittal imbalance (SVA=16.4 mm). Insuf-
ficient superposition of hip joints is due to spatial displacing of pelvic
as an element of spine deformity which was not corrected. ¢ Post-
operative status at 10-month follow-up: a further increase of PT to
43.7°, SS to 53°, and PI to 96.7°. It suggests continuing retroversion
of the pelvis. Additionally, kyphosis increases proximally the upper
fused level, LL increased to 71.4°, PI-LL still high, 25.3°, while sag-
ittal balance is normal (SVA=16.6 mm). This case shows instability
of sacroiliac joint after long spinal fusion with lumbosacral fixation.
This indicated by the progressive increase of PI caused by increasing
PT while the sagittal balance (SVA), LL, and SS are within or close
to the optimal range. It means that progressive retroversion of pelvis
may be without loss of sagittal balance, but it influences hip joints
due to change their physiologic position

level of evidence. Therefore, the results and conclusions are
preliminary requiring confirmation.

Conclusions

1. The obtained results confirm previous findings concern-
ing inconstancy of PI after surgical correction of ASD.
The postoperative changes of PI depend on time and the
impact of several factors that determine value and vector
of these changes.

2. The main factors, which determine postoperative
changes of PI, are: preoperative PI, the level of LL and
SS correction, disproportionality in the postoperative
changes of SS and PT, preoperative spatial position of
pelvic including obliquity in the coronal and axial pro-
jections, it postoperative changes, and postoperative dis-
placement of sacrum relatively to pelvic through sacro-
iliac joints. The following confounders contribute to the
postoperative instability of PI: diagnosis of degenerative
scoliosis, BMI (obesity), and absence of sacroiliac fixa-
tion.

3. Criterion of LL correction as PI-LL < 10° has limited
applicability. An alternative more universal and safe
approach is proposed based on the population data of

healthy subjects and the maximum acceptable level of
LL correction.
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