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OBJECTIVE  Circumferential minimally invasive surgery (cMIS) may provide incremental benefits compared with open 
surgery for patients with increasing frailty status by decreasing peri- and postoperative complications.
METHODS  Operative patients with adult spinal deformity (ASD) ≥ 18 years old with baseline and 2-year postoperative 
data were assessed. With propensity score matching, patients who underwent cMIS (cMIS group) were matched with 
similar patients who underwent open surgery (open group) based on baseline BMI, C7–S1 sagittal vertical axis, pelvic 
incidence to lumbar lordosis mismatch, and S1 pelvic tilt. The Passias modified ASD frailty index (mASD-FI) was used to 
determine patient frailty stratification as not frail, frail, or severely frail. Baseline and postoperative factors were assessed 
using two-way analysis of covariance (ANCOVA) and multivariate ANCOVA while controlling for baseline age, Charlson 
Comorbidity Index (CCI) score, and number of levels fused.
RESULTS  After propensity score matching, 170 ASD patients (mean age 62.71 ± 13.64 years, 75.0% female, mean 
BMI 29.25 ± 6.60 kg/m2) were included, split evenly between the cMIS and open groups. Surgically, patients in the 
open group had higher numbers of posterior levels fused (p = 0.021) and were more likely to undergo three-column 
osteotomies (p > 0.05). Perioperatively, cMIS patients had lower intraoperative blood loss and decreased use of cell 
saver across frailty groups (with adjustment for baseline age, CCI score, and levels fused), as well as fewer perioperative 
complications (p < 0.001). Adjusted analysis also revealed that compared to open patients, increasingly frail patients in 
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Surgical correction of adult spinal deformity (ASD) 
presents a number of unique challenges to spine sur-
geons and patients and may be associated with in-

creased rates of peri- and postoperative complications rel-
ative to other orthopedic or neurosurgical procedures.1–6 
Adverse events such as excessive blood loss, transient dys-
phagia, postoperative urinary tract infections, and superfi-
cial wound infections are often defined as minor compli-
cations if no sequelae persist after discharge and no revi-
sion surgery is required and are relatively common, with 
rates in patients undergoing spinal surgery ranging from 
approximately 46% to greater than 56%.7–9 Major compli-
cations such as paraplegia, deep surgical site infections, 
or death are less common but still fluctuate in incidence 
between 3% and 20%.8,10,11

Defining the exact risk factors for minor and major com-
plications remains difficult. Major complications and re-
operation are also responsible for a large proportion of the 
cost burden associated with spine surgery, with reported 
reoperation hospital and patient costs up to US$138,000.12 
One of the primary overarching factors affecting peri- and 
postoperative cost that has been investigated in previously 
reported studies is patient frailty status.13 In a systematic 
review, Chan et al. found that frailty alone is strongly as-
sociated with increased risk of adverse events overall, ex-
tended length of stay (LOS), mortality, readmission, and 
nonhome discharge.14 Similarly, Agarwal et al. found in 
their multicenter analysis of 668 patients that prefrail pa-
tients and frail patients suffered 90-day mortality rates of 
1.9% versus 0.2% in nonfrail patients and faced longer 
LOSs and greater likelihood of readmission within 60 or 
90 days.15 As such, assessing methods to reduce complica-
tion rates and associated costs for frail and severely frail 
patients may be crucial in improving patient outcomes and 
minimizing the financial burden for spine patients.

One such technique for reducing surgical complica-
tions may be the use of circumferential minimally inva-
sive surgery (cMIS) in the ASD patient population.16 Mini-
mally invasive surgery (MIS) is performed to reduce the 
physiological impact of surgery compared to open tech-
nique surgery and may involve the concurrent application 
of several MIS approaches, such as the use of navigational 
or robot-assisted placement of interbody devices and per-
cutaneous instrumentation.17,18 Due to inherent limitations 
of cMIS for treating moderate to severe deformity, this 
approach may even be combined with open techniques 
through the use of a hybrid approach.19 In their propensity-

matched comparison of patients treated via cMIS versus 
an open technique, Chou et al. found that well-selected 
patients treated via cMIS experienced less total blood loss 
with comparable results but longer operative times than 
their counterparts.18

Despite the emergence of studies assessing the utility 
of the cMIS approach, there remains a paucity of literature 
assessing the incremental benefits of an MIS approach for 
increasingly frail patients. In the present study we aimed 
to assess if the cMIS technique provides an incrementally 
decreased risk of major or catastrophic peri- and postop-
erative outcomes for increasingly frail patients in a pro-
pensity score–matched cohort of ASD patients treated via 
cMIS versus an open technique, as well as the effects on 
patient-reported health-related quality-of-life (HRQOL) 
measures.

Methods
Data Source and Study Design

This study was a retrospective analysis of a prospec-
tively collected multicenter database containing data from 
patients with ASD enrolled at 13 participating centers 
from 2009 to 2018. Institutional review board approval 
was obtained at each participating enrollment site and 
all patients provided informed consent. Patients enrolled 
in the database were older than 18 years, had a plan to 
undergo surgical correction, and met at least one of the 
following radiographic criteria for ASD: coronal Cobb 
angle ≥ 20°, sagittal vertical axis (SVA) ≥ 50 mm, pelvic 
tilt (PT) ≥ 25°, and/or thoracic kyphosis > 60°. Patients 
whose spinal deformity had neuromuscular etiology and 
those with active infections or malignancy were excluded 
from the database. All data collected at the participating 
sites were subject to rigorous quality control and utilized 
in peer-reviewed literature.20,21 The inclusion criteria of 
the present study required operative ASD patients to be > 
18 years old and have complete radiographic and health-
related quality-of-life (HRQOL) data preoperatively and 
at 2 years postoperatively.

Data Collection and Radiographic Assessment
Standardized data collection forms were used to track 

patient demographics, surgical parameters, and comorbid-
ities beginning at the initial presentation. HRQOL metrics 
collected at baseline and multiple follow-up time points 

the cMIS group were also more likely to demonstrate greater improvement in 1- and 2-year postoperative scores for the 
Oswestry Disability Index, SRS-36 (total), EQ-5D and SF-36 (all p < 0.05). With regard to postoperative complications, 
increasingly frail patients in the cMIS group were also noted to experience significantly fewer complications overall (p = 
0.036) and fewer major intraoperative complications (p = 0.039). The cMIS patients were also less likely to need a reop-
eration than their open group counterparts (p = 0.043).
CONCLUSIONS  Surgery performed with a cMIS technique may offer acceptable outcomes, with diminishment of peri-
operative complications and mitigation of catastrophic outcomes, in increasingly frail patients who may not be candidates 
for surgery using traditional open techniques. However, further studies should be performed to investigate the long-term 
impact of less optimal alignment in this population.
https://thejns.org/doi/abs/10.3171/2023.2.SPINE221278
KEYWORDS  minimally invasive; MIS; adult spinal deformity; incremental benefit; frailty; surgical technique
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included the SF-36, Oswestry Disability Index (ODI), and 
Scoliosis Research Society-22r (SRS-22r) scores.

Full-length free-standing lateral spine radiographs 
were used to assess radiographic parameters at baseline 
and follow-up intervals. All images were analyzed with 
SpineView (ENSAM, Laboratory of Biomechanics).22–24 
Spinopelvic radiographic parameters assessed included 
PT (the angle between the vertical and the line through 
the sacral midpoint to the center of the two femoral heads), 
the mismatch between pelvic incidence and lumbar lor-
dosis (PI-LL), and the SVA (C7 plumb line relative to the 
posterosuperior corner of S1).25

Measures of Radiographic Alignment
Deformity severity was assessed using the SRS-Schwab 

ASD classification system, which involves three estab-
lished modifiers of PT, PI-LL, and SVA, each stratified 
into three tiers of severity: 0 (nonpathologic), + (moder-
ate deformity), and ++ (marked deformity).25 Age-adjusted 
alignment targets for sagittal correction were assessed us-
ing previously published formulas established by Lafage 
et al.26

Defining Cohorts and Propensity Score Matching
Patients were initially split based on undergoing cMIS 

versus open technique surgery. cMIS patients were defined 
as those who underwent arthrodesis via interbody graft-
ing, with surgeon preference dictating autograft versus al-
lograft. Posterior fixation was performed only via percuta-
neous technique in this cohort. In levels without interbody 
grafting, decortication of the facets was performed prior 
to percutaneous pedicle fixation, after which the graft was 
placed posteriorly into the facet. Those patients under-
going an anterior-only surgical approach were excluded. 
Propensity score matching was then used to align groups 
by baseline BMI, C7–S1 SVA, PI-LL, and S1 PT (S1PT) to 
account for the inherent disadvantage of addressing sagit-
tal deformity with the cMIS approach. Frailty categori-
zation was scored according to the modified ASD frailty 
index (mASD-FI) developed by Passias et al. and stratified 
as not frail (NF), frail, and severely frail (SF).27

Statistical Analysis
Baseline, radiographic, and patient-reported data were 

analyzed via two-way ANOVA and multivariate analysis 
of variance (MANOVA) to assess interactions between 
frailty categorization and cMIS versus open surgery. 
Peri- and postoperative factors were assessed using two-
way analysis of covariance (ANCOVA) and multivariate 
analysis of covariance (MANCOVA) while controlling for 
baseline age, Charlson Comorbidity Index (CCI) scores, 
and total levels fused. Statistical significance was set at 
α = 0.05.

Results
Patient Demographics

Of 1541 eligible patients, 170 patients with baseline and 
2-year postoperative data were included after propensity 
score matching. The mean age of the cohort was 62.71 ± 

13.64 years, with 75.0% of the cohort being female. At 
baseline, the mean cohort BMI was recorded as 29.25 ± 
6.60 kg/m2, and the mean CCI score was 2.16 ± 1.71. With 
the mASD-FI frailty score, 40.8% of patients were cat-
egorized as NF, 39.1% of patients as frail, and 20.1% of 
patients as SF (Fig. 1).

Baseline Cohort and HRQOL Comparisons
At baseline, two-way ANOVA revealed differences be-

tween approach and frailty groups and demonstrated that 
increasingly frail cMIS patients were older, more likely to 
be female, and had higher CCI scores than open patients 
(all p < 0.005). In terms of baseline HRQOL, increasingly 
frail patients demonstrated progressively worse ODI, SF-
36, EQ-5D, and SRS-22 scores in both the cMIS and open 
cohorts (all p < 0.05).

Surgical Overview
After propensity score matching by baseline BMI, 

C7–S1 SVA, PI-LL, and S1PT, patients were split evenly, 
with 87 patients in each of the cMIS and open cohorts 
(Table 1). No significant differences were observed be-
tween cMIS versus open frailty cross-groupings in terms 
of date of index surgery (p = 0.488). In terms of surgical 
characteristics, the mean levels fused were 4.2 ± 1.1, the 
mean estimated blood loss (EBL) was 1199.76 ± 1330.10 
mL, and the mean operative time was 422.67 ± 197.65 
minutes. A posterior-only surgical approach was used in 
4.4% of patients, and combined-approach surgery was 
used in 52.7%.

Pre- and Postoperative Radiographic Overview
SRS-Schwab modifier assessment at baseline iden-

tified the following distribution of deformity severity: 
25.0% nonpathologic [0], 25.7% moderate deformity [+], 
and 49.3% marked deformity [++] for PI-LL; 42.0% 0, 
32.0% +, and 26.0% ++ for SVA; and 34.3% 0, 46.2% +, 
and 19.5% ++ for PT. In terms of age-adjusted match at 2 
years postoperatively, 29.0% of patients were matched in 

FIG. 1. Baseline frailty categorization by mASD-FI scores in patients 
who underwent cMIS versus open surgery. Figure is available in color 
online only.
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PT, 31.5% matched in PI-LL, and 29.3% matched in SVA. 
At the 2-year follow-up, patients overall were not signif-
icantly different in PT, C7–S1 SVA, or T1 pelvic angle 
(T1PA) parameters, although cMIS patients were able to 
achieve greater proportional reduction in PI-LL (Table 2).

Surgical and Perioperative Comparison of cMIS Versus 
Open Patients

Surgically, open patients had greater numbers of pos-
terior levels fused (p = 0.021), and 6.2% of open patients 
underwent 3-column osteotomy. Perioperatively, cMIS 
patients demonstrated lower EBL (p = 0.036) and use of 
cell saver across frailty groups (p = 0.048) with adjustment 
for baseline age, CCI, and levels fused (Table 3). cMIS 
patients also experienced fewer major intraoperative com-
plications (p = 0.039), as well as significantly fewer peri-
operative complications overall (p < 0.001).

Comparison of Postoperative Complications 
In terms of postoperative complications, increasingly 

frail cMIS patients were noted to experience significant-
ly fewer complications overall (58.1% vs 76.0%, 95% CI 
0.488–0.770, p = 0.036) (Fig. 2) when adjusting for age at 

baseline and were less likely to need reoperation than their 
open counterparts (14.0% vs 22.0%, 95% CI 0.122–0.233, 
p = 0.043).

Postoperative Patient-Reported Outcomes
Adjusted analysis revealed that increasingly frail pa-

tients who underwent cMIS were more likely to demon-
strate greater improvement in scores for 1- and 2-year 
ODI (both p < 0.001), SRS-36 total (p = 0.004), EQ-5D 
(p < 0.001), and SF-36 physical function, vitality, social 
functioning, and mental health metrics compared with pa-
tients who underwent open surgery (all p < 0.05) (Table 4). 
Furthermore, cMIS patients overall were more likely than 
open patients to achieve minimal clinically important dif-
ferences by 2 years postoperatively (p = 0.029).

Discussion
The cMIS approach to ASD surgery has been cited in 

recent literature as an effective technique for minimizing 
postoperative pain, recovery time, and duration of hos-
pital stay, as well as blood loss compared with an open 
technique28 for use in increasingly frail patients, who may 
be less able to tolerate open correction of ASD owing to 
reduced cardiopulmonary capacity or the physiological 
reserve necessary for adequate recovery and maintenance 
of alignment.29 The present study is the first of its kind, 
to our knowledge, to demonstrate that in conjunction 
with significantly reduced intraoperative, perioperative, 
and postoperative complication rates, increasingly frail 

TABLE 1. Demographic comparison of cMIS versus open surgery 
patients prior to index surgery

Baseline Variable Cohort Mean SD p Value

Age, yrs
cMIS 67.71 10.15 <0.001
Open 59.75 14.41

Sex, % female
cMIS 60.00 49.00 <0.001
Open 74.00 43.70

BMI 
cMIS 28.74 5.94

0.139
Open 28.03 6.04

CCI score
cMIS 1.99 1.61 <0.026
Open 1.77 1.70

After propensity score matching by baseline BMI, C7–S1 SVA, PI-LL, and 
S1PT. Boldface type indicates statistical significance at α = 0.05. 

TABLE 2. Comparisons of radiographic parameters at baseline 
and 2-year follow-up in cMIS versus open surgery patients

Variable Cohort
Baseline 2-Yr Follow-Up

Mean SD p Value Mean SD p Value

PI-LL, °
cMIS 14.80 15.58

0.467
7.08 12.33 0.016

Open 12.76 19.82 2.13 13.58

PT, °
cMIS 22.93 8.93

0.595
22.16 8.82

0.109
Open 22.17 9.17 19.80 9.91

C7–S1 
SVA, mm

cMIS 59.18 54.04
0.663

38.98 50.01
0.185

Open 54.84 71.20 27.96 55.42

T1PA, °
cMIS 21.59 9.52

0.496
19.25 8.97

0.047
Open 20.43 11.96 16.08 11.14

Boldface type indicates statistical significance at α = 0.05.

TABLE 3. Comparisons of operative time, EBL, and surgical ICU 
stay duration between frailty cohorts in patients undergoing 
surgery via cMIS versus open technique

Periop Variable Cohort mFI Cat Mean SD p Value

Op time, mins

cMIS
NF 448.00 78.31

0.171

F 439.50 74.12
SF 330.33 155.03

Open
NF 376.56 120.56
F 428.59 106.42

SF 453.08 142.81

EBL, ml

cMIS
NF 666.67 723.42

0.036

F 580.00 283.31
SF 216.67 125.83

Open
NF 1644.44 1422.91
F 2419.32 1685.55

SF 1365.38 888.68

SICU time, hrs

cMIS
NF 24.67 11.02

0.147

F 23.50 12.40
SF 30.00 10.39

Open
NF 36.74 30.24
F 48.45 33.34

SF 50.15 44.98

F = frail; mFI Cat = modified frailty index category; SICU = surgical ICU.
Boldface type indicates statistical significance at α = 0.05.
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patients may experience more incremental benefits from 
MIS techniques than traditional open surgery.

In line with our findings, previous literature has dem-
onstrated that the risk-benefit threshold of invasiveness 
shares an inverse relationship with increasingly frail pa-
tients in traditional open surgery. However, such studies 
have also pointed out that frailty status and patient age 
were not necessarily correlated, and that for patients with 
a frailty status less than their chronological age, the risk-
benefit threshold is increased.30 Such findings are impor-
tant when assessing patient candidacy for cMIS versus 
open surgery, especially in cases of severe regional or 
global deformity that cannot be treated via MIS tech-
niques. The cMIS option may be especially helpful for 
severely frail patients, as reported by Pierce et al., who 
found in their review of 191 patients that although SF 
patients reported more postoperative complications with 
open surgery, SF patients also exhibited greater improve-
ment in SRS-22 and numeric rating scale back pain scores 
than their less frail counterparts.31 Our study expands on 
such findings and demonstrates that, comparatively, cMIS 
surgery results in greater patient-reported improvement by 
1 and 2 years postoperatively. By minimizing the physi-
ological burden of ASD correction, MIS techniques may 
allow patients who would otherwise be ineligible for spine 
surgery to receive necessary treatment.

Although the purported benefits of cMIS surgery are 
numerous, questions remain in regard to the efficacy, ap-
plicability, and safety of MIS techniques. In their system-
atic review of 17 randomized controlled trials, McClelland 
and Goldstein reported that the superiority of MIS tech-
nique was not supported in terms of pain relief and rehos-
pitalization for patients undergoing surgical treatment of 
cervical or lumbar disc herniation.32 While the results of 
our study demonstrate that the cMIS approach may be ini-
tially beneficial to patients in terms of reoperation within 
2 years, the inherent limitation of MIS techniques used 
to correct larger deformities suggests the need for more 
longitudinal studies on the topic. While McClelland and 

Goldstein did report that MIS for transforaminal lumbar 
interbody fusion was advantageous compared with open 
surgery in reducing cost, complications, and return-to-
work time, these authors also note the significantly in-
creased radiation exposure associated with the cMIS tech-
nique.32 Due to the relatively novel nature of MIS used for 
spinal treatment, there remains a large gap in the literature 
reporting assessments of radiation safety for patients and 
medical staff in this regard, and study in this field is in-
dicated.

Nevertheless, for patients who require spine surgery 
but may be unable to undergo open procedures due to in-
creased frailty status, our study demonstrates that the MIS 
approach may allow for lessened risk of intra-, peri-, and 
postoperative complications. Additionally, the mitigation 
of complications and reoperation observed with MIS may 
also further assist in reducing the financial burden of spine 
surgery on both institutions and patients.

Study Limitations
Although our findings are novel in regard to demon-

strating the incremental benefit of MIS for increasingly 
frail patients, we acknowledge several potential limita-
tions. First, the retrospective multicenter nature of this 
study decreases the potential granularity of data and may 
have resulted in increased heterogeneity due to differences 
in surgical technique, patient population, or institutional 
policies. Second, while MIS techniques have improved 
greatly over the years, the influence of increased use of 
robotic and navigational assistance creates significant pos-
sible confounding in our data. Pennington et al. reported 

FIG. 2. Comparison of estimated marginal means representative of risk 
of suffering any postoperative complication between the cMIS and open 
cohorts according to increasing frailty status and adjustment for age at 
baseline (p = 0.037). Covariates appearing in the model were evaluated 
at index surgery − patient age = 62.71. Figure is available in color online 
only.

TABLE 4. Comparison of 2-year ODI, SRS-22 total, and EQ-5D 
scores between frailty cohorts in patients undergoing surgery 
via the cMIS versus the open technique

HRQOL Cohort mFI Cat Mean SD p Value

2-yr ODI score

cMIS
NF 19.37 14.92

<0.001

F 33.74 20.08
SF 45.78 24.15

Open
NF 14.92 14.76
F 38.83 17.61

SF 43.11 19.11

2-yr SRS-22 total score

cMIS
NF 3.67 0.74

0.004

F 3.23 0.77
SF 3.04 0.69

Open
NF 3.78 0.75
F 3.16 0.78

SF 3.23 0.48

2-yr EQ-5D score

cMIS
NF 0.82 0.07

0.001

F 0.78 0.06
SF 0.77 0.12

Open
NF 0.87 0.10
F 0.77 0.07

SF 0.74 0.07

Boldface type indicates statistical significance at α = 0.05.
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that the potential robotics learning curve for surgeons may 
be as wide as 3 to 30 cases, and thus outcomes may have 
been affected in patients who were enrolled in the pres-
ent study prior to the passing of this learning curve by the 
neurosurgeon.33 Last, there remain patients for whom the 
use of MIS is inappropriate and for whom open surgery 
remains the only option. Beyond those with larger regional 
or global deformity, patients with conditions like morbid 
obesity may be ineligible for cMIS procedures due limita-
tions of instrumentation or robotic or navigational devices. 
Despite these potential confounders, our findings reinforce 
the clinical utility of cMIS for increasingly frail individu-
als who may not otherwise be able to undergo necessary 
surgical treatment.

Conclusions
cMIS may offer acceptable outcomes with diminish-

ment of perioperative complications and mitigation of 
catastrophic outcomes in increasingly frail patients who 
may not be candidates for traditional open techniques. For 
select patients and spinal pathologies, the cMIS technique 
demonstrated lower intraoperative invasiveness, periop-
erative complications, postoperative complications, and 
reoperations. However, further study should be performed 
to investigate the long-term impact of potential suboptimal 
alignment in this population.
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