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Abstract

Study design Meta-analysis.

Objective To conduct a meta-analysis investigating the relationship between spinopelvic alignment parameters and develop-
ment of adjacent level disease (ALD) following lumbar fusion for degenerative disease.

Summary of background data ALD is a degenerative pathology that develops at mobile segments above or below fused
spinal segments. Patient outcomes are worse, and the likelihood of requiring revision surgery is higher in ALD compared to
patients without ALD. Spinopelvic sagittal alignment has been found to have a significant effect on outcomes post-fusion;
however, studies investigating the relationship between spinopelvic sagittal alignment parameters and ALD in degenerative
lumbar disease are limited.

Methods Six e-databases were searched. Predefined endpoints were extracted and meta-analyzed from the identified studies.
Results There was a significantly larger pre-operative PT in the ALD cohort versus control (WMD 3.99, CI 1.97-6.00,
p=0.0001), a smaller pre-operative SS (WMD —2.74; CI —5.14 to 0.34, p=0.03), and a smaller pre-operative LL. (WMD
—4.76; CI —7.66 to 1.86, p=0.001). There was a significantly larger pre-operative PI-LL in the ALD cohort (WMD 8.74;
CI 3.12-14.37, p=0.002). There was a significantly larger postoperative PI in the ALD cohort (WMD 2.08; CI 0.26-3.90,
p=0.03) and a larger postoperative PT (WMD 5.23; CI 3.18-7.27, p <0.00001).

Conclusion The sagittal parameters: PT, SS, PI-LL, and LL may predict development of ALD in patients’ post-lumbar fusion
for degenerative disease. Decision-making aimed at correcting these parameters may decrease risk of developing ALD in
this cohort.

Graphical abstract These slides can be retrieved under Electronic Supplementary Material.
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Introduction

Degenerative disease of the spine occurs due to gradual
degeneration of intervertebral disk with increasing age
and most commonly involves the lumbar levels [1]. Instru-
mented fusion to stabilize affected vertebral segments has
proven to be the treatment of choice for many degenera-
tive spine disorders [2], with effective results reported for
various techniques including anterior [3-5], posterior [6—8],
and lateral approaches [9]. National statistics collected by
the US Department of Health and Human Services show an
increased frequency of spinal fusion surgeries, irrespective
of spinal level, during the past 20 years [10]. Between 2002
and 2009, the annual rates for fusion surgery were great-
est for the lumbar spine compared to cervical and thoracic
levels, increasing from 45 per 100,000 in 2002 to 72 per
100,000 in 2009 [11]. Estimated expenditures for diagnosis
and management of back pain can be up to $90 billion each
year, and additionally, $10-$20 billion per year in economic
loss of productivity each year [12].

Due to the high volume and cost of lumbar fusion surgery,
there has been an increasing emphasis on understanding the
etiology and risk factors for postoperative complications fol-
lowing lumbar spinal fusion. Adjacent level disease (ALD)
is a degenerative pathology that develops at mobile segments
above or below a fused spinal segment. Long-term patient
functional outcomes are less favorable and the likelihood
for revision surgery is higher in those whom develop ALD.
Several theories have been proposed regarding the patho-
genesis of ALD. The loss of naturally mobile vertebral seg-
ments after fusion may result in an increased transmission
of forces to adjacent non-fused segments [13]. Cadaveric
studies have shown increased adjacent segment motion and
intervertebral stress in adjacent motion segments after fusion
[14, 15]. Other studies have suggested that damage to stabi-
lizing soft tissue and bony structures during open procedures
may distort the distribution of forces on the spine [16—19].
In both cases, altered biomechanical stresses on the vertebral
column lead to acceleration in degenerative disk disease in
these adjacent segments.

Although the concept of ALD is widely recognized, there
is controversy regarding proper classification. Hilibrand
et al. distinguished ALD from “adjacent segment degenera-
tion” by the presence of clinical symptoms in the former but
only radiological evidence in the latter [13]. Prior studies
have proposed the broader term “adjacent segment pathol-
ogy” with clinical and radiological subtypes, reflecting a
common disease process with varying manifestations [20].
The incidence of radiological ALD may be as high as 100%
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and clinical ALD as high as 27.5%, suggesting that path-
ological changes occur commonly but are less frequently
symptomatic [21].

Spinopelvic sagittal alignment has been found to have a
significant effect on clinical outcomes after fusion surgery
[22]. Furthermore, it has been suggested that spinopelvic
sagittal alignment may contribute to ALD [23, 24]. The cur-
rent literature has reported on the relationship between sagit-
tal alignment and ALD in predominantly spinal deformity
patients only. Previous studies investigating the relationship
between spinopelvic sagittal alignment parameters and ALD
in degenerative lumbar disease are limited. Therefore, we
aim to evaluate the current literature on the role of spinopel-
vic alignment parameters in the development of ALD fol-
lowing lumbar fusion surgery for degenerative disk disease.

Methods
Search strategy

The recommended PRISMA statement and guidelines were
followed for the present systematic review and meta-analysis
[25-27]. Electronic searches were performed using Ovid
Medline, PubMed, Cochrane Central Register of Controlled
Trials (CCTR), Cochrane Database of Systematic Reviews
(CDSR), ACP Journal Club and Database of Abstracts of
Review of Effectiveness (DARE) from their dates of incep-
tion to February 2017. To achieve maximum sensitivity of
the search strategy and identify all studies, we combined the
terms: “spinopelvic”, “sagittal balance”, “pelvic incidence”,
“pelvic tilt”, “sacral slope”, “lumbar lordosis”, “adjacent
segment disease”, “lumbar spine”, “fusion”, as either key-
words or MeSH terms. The reference lists of all retrieved
articles were reviewed for further identification of poten-
tially relevant studies. All identified articles were system-
atically assessed using the inclusion and exclusion criteria.

CLINY3

Selection criteria

Eligible comparative studies for the present systematic
review and meta-analysis included those where patients
underwent fusion surgery for degenerative lumbar spinal
diseases, with patients split into groups: those with ALD
compared to those without ALD. When institutions pub-
lished duplicate studies with accumulating numbers of
patients or increased lengths of follow-up, only the most
complete reports were included for quantitative assessment
at each time interval. All publications were limited to those
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involving human subjects and in the English language.
Abstracts, case reports, conference presentations, editorials
and expert opinions were excluded. Review articles were
omitted because of potential publication bias and duplica-
tion of results.

Data extraction and critical appraisal

All data were extracted from article texts, tables and fig-
ures. Two investigators independently reviewed each
retrieved article (K.P. and A.N.). Discrepancies between the
two reviewers were resolved by discussion and consensus.
Because quality scoring is controversial in meta-analyses
of observational studies, the reviewers also independently
appraised each article included in our analysis according to
recommended Cochrane guidelines, including the following
points: (1) clear definition of study population; (2) clear defi-
nition of outcomes and outcome assessment; (3) independent
assessment of outcome parameters; (4) sufficient duration
of follow-up; (5) no selective loss during follow-up; and (6)
important confounders and prognostic factors identified.

Statistical analysis

The weighted mean difference (WMD) was used as a sum-
mary statistic. In the present study, both fixed- and random-
effect models were tested. In the fixed-effects model, it was
assumed that treatment effect in each study was the same,
whereas in a random-effects model, it was assumed that there
were variations between studies. y* tests were used to study
heterogeneity between trials. /7 statistic was used to estimate
the percentage of total variation across studies, owing to het-
erogeneity rather than chance, with values greater than 50%
considered as substantial heterogeneity. /> can be calculated
as: I’=100% x (Q —df)/Q, with Q defined as Cochrane’s het-
erogeneity statistics and df defined as degree of freedom. If
there was substantial heterogeneity, the possible clinical and
methodological reasons for this were explored qualitatively.
In the present meta-analysis, the results using the random-
effects model were presented to account for possible clini-
cal diversity and methodological variation between studies.
Specific analyses considering confounding factors were not
possible as corresponding raw data were not available. All p
values were two-sided. All statistical analysis was conducted
with Review Manager Version 5.3.2. (Cochrane Collabora-
tion, Software Update, Oxford, United Kingdom).

Publication bias

Publication bias was assessed using funnel plot asymmetry.

Results

A flow diagram outlining the systematic review process is
provided in Fig. 1. The initial database search yielded 1747
citations and 6 citations from additional sources. Follow-
ing elimination of duplicates, a total of 1735 records were
screened and 56 relevant full-text articles were assessed for
eligibility. Of those assessed, 48 articles were excluded due
to lack of comparative data, no evaluation of lumbar fusion
surgery, and comment/editorial articles. A total of 8 arti-
cles were included for quantitative synthesis (Table 1). Pel-
vic parameters were measured in all studies: pre-operative
pelvic tilt (PT) (N=6), sacral slope (SS) (N=35), lumbar
lordosis (LL) (N=38), pelvic incidence and lumbar lordosis
mismatch (PI-LL) (N=3), and postoperative PI (N=4) and
PT (N=4). All included articles were single-center studies.
They were either prospective cohort (N=1) or retrospective
case control studies (N=7). The definition used for ALD
for each included study is shown in Supplementary Table 1.
Assessment of quality of included studies is shown in Sup-
plementary Table 2.

Patient cohort

There were a total of 253 ALD patients and 860 patients
without ALD included in the present analysis. The mean
age of participants for ALD group (N=6) was 64.04 years
and 61.57 years for the control group (N=6), which was
significantly different (p =0.01). There was no difference
in the proportion of males between the groups: (N=4) 41%
male of ALD group were compared with (N=4) 40.3%
male of control group. There were also no significant dif-
ferences in terms of other baseline characteristics including
BMI (25.9 kg/m? vs 25.4 kg/m?, p=0.56), proportion of
patients with degenerative spondylolisthesis (55.6 vs 48.3%,
p=0.78), foraminal stenosis (34.7 vs 31.8%, p=0.19), and
disk herniation (15.5 vs 19.2%, p=0.45) (Table 2).

Pelvic parameter analyses

There was a significantly larger pre-operative PT in the
ALD cohort compared to control (WMD 3.99, 95% CI
1.97-6.00, p=0.0001) associated with moderate heteroge-
neity (=65%) (Fig. 2). There was a significantly smaller
pre-operative SS compared to control (WMD —2.74; 95%
CI —5.14, —0.34, p=0.03) associated with moderate het-
erogeneity (I>=66%). There was a significantly smaller
pre-operative LL in the ALD cohort compared to control
(WMD -4.76;95% CI —7.66, — 1.86, p=0.001) associated
with high heterogeneity (I>=73%). There was a significantly
larger pre-operative PI-LL in the ALD cohort compared to
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Records identified through
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Fig. 1 PRISMA search strategy for the present systematic review and meta-analysis

control (WMD 8.74; 95% CI 3.12, 14.37, p=0.002) with
high heterogeneity (I*=76%). No significant differences
were found for PI (p=0.25), TK (p=0.25), angle at fused
level (p=0.13) and SVA (p=0.18) between cohorts pre-
operatively (Table 3).

There was a significantly larger postoperative PI in the
ALD cohort compared to control (WMD 2.08; 95% CI 0.26,
3.90, p=0.03) associated with low heterogeneity (P=15%)
(Fig. 3). There was a significantly larger postoperative PT
in the ALD cohort compared to control (WMD 5.23; 95%
CI 3.18, 7.27, p<0.00001) associated with moderate het-
erogeneity (I*=62%). No significant differences were found
for SS (p=0.07), LL (p=0.45), TK (p=0.28), angle at
fused level (p=0.70), PI-LL (»p=0.16) and SVA (p=0.71)
between cohorts postoperatively (Table 4).
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Assessment of publication bias demonstrated no signifi-
cant funnel plot asymmetry, as shown in Supplementary
Figure 1.

Discussion

ALD remains one of the most important long-term com-
plications of lumbar spinal fusion surgery, notwithstanding
satisfactory solid fusion at the operated levels. There is evi-
dence which demonstrates that spinal fusion at the index
level creates significant compensatory increases in motion/
micromotion at adjacent levels subsequent to increased
stiffness and higher loads during normal activity [28-30].
Our understanding of the risk factors contributing to ALD
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Table 1 Characteristics of included studies

Author Year Study period Surgical procedure performed n (ALD) n (controls) Follow-up
Alentado et al. 2016 2008-2011  PLIF/TLIF, PLF 13 124 14 months for controls,
41 months for ALD
Anandjiwala et al. 2011 2003-2004  Decompression and instru- 14 54 Minimum 5 year follow-up
mented LIF or lumbosacral
PLF
Martino et al. 2014 1995-2010 Instrumented LIF or lumbosa- 22 83 Minimum 3 year follow-up
cral spinal fusion
Matsumoto et al. 2017 2005-2012  Single segment instrumented 20 100 37 month for ALD, 68.6 months
PLIF, with local autologous for control
graft
Nakashima et al. 2015 1996-2003  Instrumented PLIF with autolo- 10 91 Average 11.6 years
gous iliac-crest bone graft
and local bone graft
Ruthenfluh et al. 2015 NR PLIF with pedicle screws 45 39 71 months for ALD, 84 months
for controls
Wang et al. 2017 2011-2013  Posterior decompression and 15 222 Minimum 2 years
PLIF for degenerative lumbar
disorders
Yamasaki et al. (FF subgroup) 2017 2009-2012  TLIF for degenerative lumbar 65 85 Mean 37.6 months
disease floating fusion (FF)
Yamasaki et al. (LF subgroup) 2017 2009-2012  TLIF for degenerative lumbar 49 64

disease lumbosacral fusion

(LF)

LIF lumbar interbody fusion, PLIF posterior lumbar interbody fusion, TLIF transforaminal lumbar interbody fusion, PLF posterolateral fusion

Table 2 Patient demographics

Parameter Mean + SEM N (ALD) Mean+ SEM N (control) WMD (95% CI) P (%) pvalue
(ALD) or n (%) (controls) or n (%)

Baseline

Age (years) 64.04+2.25 217 61.57+2.71 725 3.03 (0.68, 5.39) 39 0.01
BMI (kg/m?) 25.90+0.98 207 25.38+0.65 634 0.62 (—1.48,2.73) 84 0.56
Males 48 (41) 117 254 (40.3) 630 1.21 (0.77, 1.90) 1 0.42
Degenerative spondylolisthesis 40 (55.6) 72 334 (48.3) 691 1.19 (0.34,4.11) 69 0.78
Foraminal stenosis 25 (34.7) 72 188 (31.8) 591 1.55 (0.81, 2.96) 0 0.19
Disk herniation 9 (15.5) 58 103 (19.2) 537 1.36 (0.61, 3.05) 0 0.45

SEM standard error of mean, N number of patents, WMD weighted mean difference, CI confidence interval, BMI body mass index, ALD adjacent

level disease

following surgery for degenerative lumbar spine disease
remains limited, with the current evidence reporting a vari-
ety of predictors including age [31], smoking status [32],
pre-existing degeneration, method of fusion, and length of
fusion construct [31, 33]. The importance of spinopelvic
sagittal alignment and its relationship with clinical outcomes
following lumbar surgery is increasingly emphasized in the
recent literature; however, its association with ALD is not
well understood [34, 35]. To address limitations in the cur-
rent evidence, we conducted a systematic review and meta-
analysis investigating the relationship between spinopelvic
alignment parameters and development of ALD following

lumbar fusion surgery for degenerative disease. Our pooled
analysis demonstrated that patients whom developed ALD
had significantly higher PT, lower SS and PI-LL mismatch
prior to fusion and higher PI and postoperative PT compared
to control patients without ALD.

One of the earlier studies to investigate the associa-
tion between spinopelvic sagittal alignment and ALD was
conducted by Kumar et al., who analyzed 83 patients with
degenerative disk disease. The authors demonstrated a sig-
nificant association between abnormal C7-plumb line and
SS with higher rates of postoperative ALD [35], highlighting
the importance of appropriate sagittal alignment correction

@ Springer
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(A) Preoperative PT

ASD control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alentado etal 2016 192 66 13 201 7.2 124 125% -0.90[-4.70,2.90] —
Martino et al 2014 216 64 22 16 36 83 158% 5.60([2.82,8.39) —_—
Matsumoto etal 2017 27 6.2 20 229 78 100 147% 410[0.98,7.22) ——
Nakashima et al 2015 208 65 10 214 97 91 10.6% -0.60[-5.09, 3.89) —
Ruthenfluh et al 2015 222 73 45 168 68 39 15.0% 5.40(2.38,8.42) r——
Yamasakietal 1 2017 253 75 65 207 68 85 17.4% 4.60([2.27,6.93] —
Yamasakietal 22017 25 105 49 174 6.2 64 14.0% 7.60([4.29,10.91) e
Total (95% CI) 224 586 100.0% 3.99[1.97, 6.00] <l
Heterogeneity: Tau®= 4.65; Chi*= 16.99, df= 6 (P = 0.009); = 65% _110 5 o 5 1:0

Test for overall effect: Z= 3.89 (P = 0.0001)

(B) Preoperative SS

smaller PT as risk factor larger PT as risk factor

ASD control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Alentado etal 2016 274 79 13 338 101 124 131% -6.40[-11.05,-1.75]
Martino et al 2014 386 82 22 445 52 83 16.3% -5.90[-9.50,-2.30] —
Matsumoto etal 2017 327 6.7 20 338 72 100 175% -1.10[-4.36,2.16) ——
Ruthenfluh et al 2015 362 84 45 349 76 39 16.9% 1.30[2.12,4.72) —1—
Yamasakietal 1 2017 278 86 65 287 76 85 197% -0.90[-354,1.74] ——
Yamasakietal 2 2017 261 107 49 309 78 64 165% -4.80[-8.35,-1.25] ——
Total (95% CI) 214 495 100.0% -2.74[-5.14,-0.34) -
Heterogeneity: Tau®= 5.81; Chi*= 14.56, df= 5 (P = 0.01); F= 66% -2:0 -1=U 5 1=U 2=U
Test for overall effect: 2= 2.24 (P = 0.03) smaller SS as risk factor larger SS as risk factor

(C)Preoperative LL

ASD control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alentado et al 2016 474 102 13 504 139 124 101% -3.00 [-9.086, 3.06) —
Anandjiwala et al 2011 33.42 1165 14 4214 1567 54 8.3% -8.72[16.12,-1.32]
Martino et al 2014 442 124 22 484 6.2 83 11.1% -4.20[-9.55,1.15) —
Matsumoto et al 2017 407 9.6 20 472 102 100 123% -6.50[11.16,-1.84] ——
Nakashima etal 2015 41 149 10 44 152 91 59% -3.00[-12.756.79] R
Ruthenfluh et al 2015 385 111 45 437 102 39 124%  -5.20[-9.76,-0.64] —p—
Wang etal 2017 24.2 2 15 247 19 222 17.5% -0.50 [-1.54, 0.54) -
Yamasakietal 1 2017 383 147 65 404 137 85 12.3% -210[-6.71,2.51] —_—1
Yamasakietal 22017 304 196 49 434 107 64 10.0% -13.00[-19.08,-6.92] R——
Total (95% ClI) 253 862 100.0%  -4.76 [-7.66, -1.86] <

Heterogeneity: Tau®=12.19; Chi*= 29.22, df= 8 (P = 0.0003); F=73%

Test for overall effect. Z=322 (P =

0.001)

(D) Preoperative PI-LL

-20

10

0 10 20

smaller LL as risk factor larger LL as risk factor

ASD control Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Nakashima et al 2015 74 88 10 33 135 91 239% 410[-2.021022] ™
Ruthenfluh et al 2015 125 16.7 45 34 121 39 237% 9.10([2.92,15.28] -
Yamasakietal 1 2017 142 138 65 9 128 85 27.8% 5.20[0.88,9.52) il
Yamasakietal 22017 21.7 188 49 48 97 64 246% 16.90([11.12,22.68] -
Total (95% ClI) 169 279 100.0% 8.74[3.12,14.37] @

- 2 _ s 2 - = i Rz I i t J
Heterogeneity: Tau*= 24.75; Chi*=12.37, df= 3 (P = 0.006), = 76% T 20 b 50 100

Test for overall effect: Z= 3.05 (P = 0.002)

smaller PI-LL as risk larger PI-LL as risk

Fig. 2 Forest plots comparing patients with adjacent segment disease (ALD) versus controls in terms of a preoperative pelvic tilt (PT), b preop-
erative sacral slope (SS), ¢ preoperative lumbar lordosis (LL), and d preoperative pelvic incidence and lumbar lordosis mismatch (PI-LL)
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Table 3 Preoperative radiographic measurements in ALD versus control patients

Parameter Mean+ SEM N (ALD) Mean+ SEM (con- N (control) WMD (95% CI) P (%) p value
(ALD) or n (%) trols) or n (%)

Preoperative

PI 54.96 +2.09 224 53.48+1.86 586 1.85 (—1.30, 5.00) 70 0.25

PT 23.23+0.99 224 19.31+1.09 586 3.99 (1.97, 6.00) 65 0.0001

SS 31.49+2.07 214 34.45+2.77 495 —2.74 (-5.14, -0.34) 66 0.03

LL 37.45+3.51 253 42.70+5.10 862 —4.76 (—7.66, —1.86) 73 0.001

TK 26.81+2.54 134 29.64 +0.67 249 —2.92 (-17.90, 2.07) 72 0.25

Angle at fused level 17.94+£4.15 79 19.53+3.54 193 —2.18 (—4.99, 0.64) 0 0.13

PI-LL 13.98 +2.58 169 522+1.34 279 8.74 (3.12, 14.37) 76 0.002

SVA 12.80+4.56 124 7.31+2.69 240 4.18 (—1.88, 10.25) 46 0.18

SEM standard error of mean, N number of patents, WMD weighted mean difference, CI confidence interval, PI pelvic incidence, PT pelvic tilt,
SS sacral slope, LL lumbar lordosis, TK thoracic kyphosis, PI-LL pelvic incidence-lumbar lordosis mismatch, SVA sagittal vertical axis

(A) Postoperative PI

ASD control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Martino et al 2014 628 122 22 609 86 83 10.4% 1.90[-3.52,7.32] —
Matsumoto et al 2017 594 84 20 573 97 100 16.8% 210[-2.04,6.24] —r—
Ruthenfluh et al 2015 595 101 45 539 105 39 15.0% 560([1.18,10.02) —_——
Yamasakietal 1 2017 496 79 65 494 79 85 36.6% 0.20[-2.35,2.75] ——
Yamasakietal 22017 51.2 104 49 483 87 64 21.3% 2.90[-0.71,6.51] T
Total (95% CI) 201 371 100.0% 2.08 [0.26, 3.90] &
Heterogeneity: Tau®= 0.66; Chi*= 4.69, df=4 (P = 0.32); F=15% _250 — 5 150 250

Test for overall effect: Z= 2.24 (P = 0.03)

(B) Postoperative PT

smaller Pl is risk factor larger Pl is risk factor

ASD control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Martino et al 2014 229 68 22 163 4686 83 19.5% 6.60[3.59, 9.61] ——
Matsumoto et al 2017 264 6.1 20 226 78 100 191% 3.80([0.72,6.89] ——
Ruthenfluh et al 2015 224 7 45 186 BS5 39 20.2% 3.80[0.91,6.69] —
Yamasakietal 1 2017 244 37 65 207 638 85 27.4% 3.70[2.00,5.40) -
Yamasakietal 22017 278 142 49 174 6.2 64 13.7% 1040([6.14,14.66) —_—
Total (95% CI) 201 371 100.0% 5.23[3.18,7.27] -
Heterogeneity: Tau®= 3.23; Chi*=10.44, df= 4 (P = 0.03); F=62% _2;0 _150 b 1:0 250

Testfor overall effect: Z=5.00 (P < 0.00001)

smaller PT as risk factor larger PT as risk factor

Fig. 3 Forest plots comparing patients with adjacent level disease (ALD) versus controls in terms of a postoperative pelvic incidence (PI) and b

postoperative pelvic tilt (PT)

during fusion procedures for this population. In our pooled
analysis of comparative studies, we found that pre-operative
increased PT was significantly associated with the devel-
opment of ALD. Patients with fixed sagittal malalignment
have an increased PT or pelvic retroversion during standing
as a compensatory mechanism for their spinal deformity
[34]. PT also remained significantly higher in patients that
developed ALD after lumbar fusion, suggesting that sagit-
tal alignment was not optimally corrected in these patients
and therefore predisposed them to ALD. Our observations

suggest that additional attention should be paid to sagittal
malalignment and potential correction during every fusion
surgery to reduce the incidence of ALD.

PI is a fixed value for any given individual; however, it
may vary from person to person. Our results show that after
lumbar fusion, PI values are significantly higher in those
patients that subsequently develop ALD. Higher PI values
were also found before fusion surgery for the ALD cohort
compared to control, but did not reach significance. Postop-
erative hypolordosis is common following fusion and may
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Table 4 Postoperative radiographic measurements in ALD versus control patients

Parameter Mean+ SEM N (ALD) Mean+ SEM (con- N (control) WMD (95% CI) P (%) p value
(ASD) or n (%) trols) or n (%)

Postoperative

PI 56.27+2.61 201 53.97+2.58 371 2.08 (0.26, 3.90) 15 0.03
PT 24.42+0.78 201 19.10+1.25 371 5.23 (3.18,7.27) 62 <0.00001
SS 31.61+2.99 201 34.70+3.05 371 —3.06 (—6.33,0.21) 81 0.07
LL 40.90+3.82 215 44.19+1.29 425 —2.96 (—10.68,4.75) 92 0.45
TK 26.85+2.78 134 30.31+0.69 249 —3.40(—9.54,2.74) 80 0.28
Angle at fused level 18.64+3.49 79 18.89+3.60 193 —0.44 (-2.71,1.85) 0 0.70
PI-LL 17.21+£5.25 114 6.84+2.10 149 10.36 (—4.04,24.77) 95 0.16
SVA 13.74+£6.27 114 10.50+3.70 149 374 (-15.91,23.38) 78 0.71

SEM standard error of mean, N number of patents, WMD weighted mean difference, CI confidence interval, PI pelvic incidence, PT pelvic tilt,
SS sacral slope, LL lumbar lordosis, TK thoracic kyphosis, PI-LL pelvic incidence-lumbar lordosis mismatch, SVA sagittal vertical axis

increase biomechanical loads at adjacent segments [36,
37]. Therefore, patients undergoing lumbar fusion with a
higher PI may be more likely to develop ALD because of
the increased PI-LL mismatch following failure to increase
LL. Similarly, patients whom developed ALD had a sig-
nificantly higher pre-operative PI-LL compared to controls
before lumbar fusion. These results support the notion that
in some lumbar spinal fusion cases, patients were present
with high PI and there was failure to increase LL in order to
match their high PI [38, 39]. Senteler et al. in a biomechani-
cal study found that a PI-LL mismatch greater than 15° was
predictive of revision surgery for ALD after lumbar fusion
[40]. The relevance of spinopelvic sagittal alignment in the
outcomes of adult deformity surgery has only been recently
realized. In a prospective study, Schwab et al. found PI-LL
mismatch to have the strongest correlation with disability
and lower quality of life scores in spinal deformity patients
[22]. Authors concluded that PI-LL mismatch should be
restored in adult spinal deformity patients, with the authors
defining a PI-LL mismatch of > 11 degrees as being unbal-
anced or compensating. Additionally, they found a higher
SVA to be correlated with need for corrective surgery. Our
results showed SVA to not be significantly different between
ALD and control cohorts, presumably because these patients
did not have spinal deformity and sagittal malalignment as
their primary concern. Although PI-LL has traditionally
been considered the index of appropriate surgical correction
for adult deformity, our results implicate that this parameter
may be a useful predictor of ALD following lumbar fusion
surgery for degenerative lumbar disease.

Previous studies have reported that failure to restore LL
in fused lumbar levels is a risk factor for ALD [36, 41, 42].
Djurasovic et al. reported that patients whom developed
ALD had significantly less lordosis both at the index fusion
level and regionally compared to matched controls [23]. Kim
et al. found that maintaining L4-L5 lordosis angle greater
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than 20 degrees was important for prevention of clinical
ALD [42]. Our results showed that patients with ALD had
significantly less LL pre-operatively, but similar LL postop-
eratively compared to controls. These findings are not sur-
prising, as the LL can be considered correspondent to PI.
Our results support the paradigm that preoperative sagittal
malalignment has a significant association with ALD fol-
lowing lumbar fusion surgery.

There are multiple implications from the presented
results above. Given the association between spinal align-
ment and the development of ALD, this suggests that spine
surgeons should routinely pay attention to spinal alignment
in patients undergoing surgery for lumbar degenerative dis-
ease, even without overt spinal deformity. Appropriate cor-
rection of sagittal alignment parameters during the opera-
tion will likely reduce the incidence of postoperative ALD
complications. The other implication of our results is that
surgeons should employ surgical techniques which appropri-
ately restore LL to minimize ALD. There is evidence which
demonstrates that anterior lumbar interbody fusion (ALIF) is
effective in restoring LL [43—47]. In a retrospective analysis
of 32 ALIF patients and 25 transforaminal lumbar interbody
fusion (TLIF) patients, ALIF was able to increase forami-
nal height by 18.5% and increase local and regional lumbar
lordosis compared to TLIF*. The advantages of ALIF are
that the anterior approach can provide maximum area of
endplate interface, allowing for a larger intervertebral spacer
or graft to maximally correct LL. ALIF also showed greater
segmental and LL correction compared to lateral lumbar
interbody fusion (LLIF); however, LLIF was also able to
achieve acceptable LL restoration [47, 48]. A recent ran-
domized study demonstrated no significant differences in
correction of LL using either TLIF or a posterolateral fusion
(PLF) approach [49]. The current literature suggests that
the ALIF approach may be most effective for adequate LL
restoration in patients with sagittal malalignment, to reduce
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the development of ALD. There is evidence to suggest that
ALD may be mitigated when an interspinous device or pedi-
cle screw-based dynamic fixator is employed, with the latter
imparting somewhat higher stress. However, larger studies
are needed [50].

The present study is constrained by several limitations.
It is possible that unbalanced cohort sizes, heterogeneity in
patient population and the wide range of procedures done at
the lumbar spine due to the nature of this systematic review
may have limited its power to detect differences between
cohorts. In terms of baseline characteristics, parameters such
as age were unbalanced, with the ALD group being older
by 3 years. We were unable to perform an adjusted analy-
sis to account for age differences as baseline, and as such,
this is a confounding factor that undermines the validity of
the presented results. In addition, the follow-up of included
studies varied from 14 months to 11 years. For longer-term
reported outcomes, this could be affected by the natural
course and history after surgery and could not be accounted
for in our analysis. Additionally, included studies were pub-
lished in different countries and continents, with different
ethnicities. This confounder could not be adjusted for in the
present meta-analysis. ALD measurement and definition is
not standardized and thus varied between studies. Further
investigation is required to establish criteria to differentiate
ALD from normal age-related degeneration as adjacent seg-
ments to fusion levels may have some pre-existing degenera-
tive changes. Raw data were unavailable for analyzed stud-
ies, and therefore, it was not possible to determine normal
“cut-off” values for spinopelvic parameters in this popula-
tion. Future studies aimed at investigating the correlation
between spinopelvic parameters and clinical outcomes in
patients whom develop ALD are warranted; these were not
examined in this study. In addition, studies do not neces-
sarily report the incidence of superior segment facet joint
violation which is associated with increased morbidity and
reoperation one the basis of ALD [51]. Lastly, importantly,
the literature over the past several years suggests that PI may
not always be as fixed as has been traditionally assumed. In
the context of long instrumentation/fusion such as proximal
thoracic to sacral appear to be associated with significant
sacroiliac mobility [52, 53].

In conclusion, we have identified a subset of sagittal
parameters (PT, SS, PI-LL) that may predict the develop-
ment of ALD in patients with degenerative disease undergo-
ing lumbar fusion. Surgical decision-making aimed at cor-
recting these parameters intra-operatively may decrease risk
of developing ALD in this patient population.
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