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Background: Surgical site complications (SSCs) contribute to increased healthcare costs. Predictive
analytics can aid in identifying high-risk patients and implementing optimization strategies. This study
aimed to develop and validate a risk-assessment score for SSC-associated readmissions (SSC-ARs) in patients
undergoing open spine surgery.

Methods: The Premier Healthcare Database (PHD) of adult patients (n=157,664; 3,182 SSC-ARs) between
January 2019 and September 2020 was used for retrospective data analysis to create an SSC risk score using
mixed effects logistic regression modeling. Full and reduced models were developed using patient-, facility-,
or procedure-related predictors. The full model used 37 predictors and the reduced used 19.

Results: The reduced model exhibited fair discriminatory capability (C-statistic =74.12%) and
demonstrated better model fit [Pearson chi-square/degrees of freedom (DF) =0.93] compared to the full
model (C-statistic =74.56%; Pearson chi-square/DF =0.92). The risk scoring system, based on the reduced
model, comprised the following factors: female (1 point), blood disorder [2], congestive heart failure [2],
dementia [3], chronic pulmonary disease [2], rheumatic disease [3], hypertension [2], obesity [2], severe
comorbidity [2], nicotine dependence [1], liver disease [2], paraplegia and hemiplegia [3], peripheral vascular
disease [2], renal disease [2], cancer [1], diabetes [2], revision surgery [2], operative hours >5 [4], emergency/
urgent surgery [2]. A final risk score (sum of the points for each surgery; range, 0-40) was validated using a
1,000-surgery random hold-out sample (C-statistic =85.16%).

Conclusions: The resulting SSC-AR risk score, composed of readily obtainable clinical information,
could serve as a robust predictive tool for unplanned readmissions related to wound complications in the

preoperative setting of open spine surgery.
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Introduction

Healthcare utilization and expenditures for spine surgery
continue to rise in the United States (US). The rate of
complex spine surgery demonstrated a nearly 15-fold
increase in the US Medicare population from 2002 to
2007 (1), and the national bill for spinal fusion increased
from $10 billion to $46.8 billion with an estimated
3.6 million spine fusions occurring between 2001 and
2010 (2). As of 2021, this number had grown to 1.6 million
spinal fusions annually in the US (3). The escalating rate of
spine surgeries and associated costs emphasizes the need to
address reducible expenses, including preventable wound
complications and readmissions, to enhance healthcare
efficiency and surgical outcomes (4,5).

Preventable and unplanned readmissions contribute
to substantial financial burdens, costing Medicare up to
approximately $12 billion per year (6,7). Among the leading
causes of such readmissions following open spine surgery
are wound-related and surgical site complications (SSCs)
(8,9). These SSCs encompass complications like wound
dehiscence, surgical site infections (SSIs), hematoma,
seroma, and skin necrosis resulting from impaired wound
healing (5,10,11). SSIs, in particular, are the most prevalent
wound-related complications following spine surgery

Highlight box

Key findings

* A 19-factor risk assessment score has been developed and validated
to predict surgical site complication-associated readmissions (SSC-
ARs) in adult patients (n=157,664; 3,182 SSC-ARs) who underwent
open spine surgery, demonstrating strong discriminatory capability
(C-statistic =74.12%).

What is known and what is new?

e Existing universal calculators for SSC risk often overlook
important factors specific to spine procedures and have suboptimal
predictive ability for unplanned readmissions.

* This study employed a comprehensive definition of wound-
related SSC, identified risk factors specifically relevant to open
spine surgery, and developed a model particularly for SSC-ARs,
differentiating it from previous prediction models for postoperative
complications.

What is the implication, and what should change now?

® Accurately predicting wound-related surgical complications
based on preoperative factors is crucial for reducing unplanned
readmissions and enhancing value-based care in open spine
surgery. An economic model is required to validate this conclusion.
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and have been associated with increased mortality rates,
pseudoarthrosis, neurologic injury, readmission rates, and
extended hospital stays (12-16). A meta-analysis of 161
studies from North America, Europe, and Asia, showed that
spine surgery patients approximately double the hospital
length of stay and health care costs when they developed
an SSI (17). Dehiscence, the second most common SSC
following spine surgery, also adds to the economic burden
by necessitating additional wound-related operations (18).

The reported incidence of SSCs following spinal surgery,
including wound dehiscence and SSI, ranges from 2% to
20% (5,14,19,20). A systematic review and meta-analysis of
data from 2000 to 2015 indicated a 5.5% [95% confidence
interval (CI): 4.2-7.4%] 30-day readmission rate for spine
surgeries in the US (21). However, the literature regarding
the incidence and risk factors associated with SSC-
induced readmissions after open spine surgery is limited.
Understanding these factors could offer insights into
mitigating the risk of readmissions caused by severe SSCs.
Hospitals face challenges in determining cost-effective
strategies to mitigate complication-associated readmissions,
particularly when the overall readmission rate for spine
surgery is not excessively high. Implementing expensive
interventions for a large patient population may not be
economically justified.

Preoperative assessment tools, such as the American College
of Surgeons Surgical Risk Calculator (ACS-SRC) (22) and the
Surgical Risk Preoperative Assessment System (SURPAS)
(23-25), are available for predicting postoperative
complications. While these tools demonstrate effectiveness
in predicting mortality, urinary tract infection, cardiac,
venous thromboembolism, and renal complications, their
ability to predict unplanned readmissions is suboptimal (26).
Therefore, there is a need for a user-friendly assessment
tool that accurately stratifies the risk of readmission
induced by surgical complications. This tool would enable
preoperative identification of the subset of patients who are
more susceptible and may benefit from risk optimization or
advanced incisional management strategies.

The objective of this study was to develop and validate
a predictive scoring system to quantify the readmission
risk associated with SSCs following open spine surgeries.
The ultimate goal of this point-of-care clinical tool was
to establish a risk level continuum for experiencing an
unplanned SSC-associated readmission (SSC-AR). We
present this article in accordance with the TRIPOD
reporting checklist (available at https://jss.amegroups.com/
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article/view/10.21037/jss-23-89/rc).

Methods

This study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013).

Data source

This study utilized data obtained from the Premier
Healthcare Database (PHD) encompassing adult patients,
from 599 US hospitals, who underwent open spine surgery
between January 1, 2019, and September 30, 2020. The
PHD is an extensive all-payer database that captures
information on inpatient discharges from a wide range
of geographically diverse non-profit, non-governmental,
community, and teaching hospitals and health systems
across the US (27). This study utilized deidentified data in
accordance with 45 CFR 164.506(d)(2)(ii)(B), employing
the “Expert Determination” method (27), and was exempt
from institutional review board review and the requirement
for informed consent.

Study population

A total of 158,664 complete records of open spine surgeries
were identified using a series of 463 pre-identified
International Classification of Diseases (ICD)-10 procedure
codes. Among these records, 3,209 cases (2.0%) were
classified as having at least one SSC-AR within 90 days
of discharge, based on the presence of relevant ICD-10
diagnosis codes at admission. Interested readers can refer to
a 'Table S1 for a list of medical codes used to identify SSCs.
Surgeries involving planned durotomies, patients under the
age of eighteen, or utilization of negative pressure therapy
over the closed incision were excluded from the analysis.
The 158,664 complete records contained no missing data
for the selected variables.

An independent validation cohort was established,
consisting of a randomly selected subset of 1,000 cases (27
with an SSC-AR) out of the total 158,664 records. The
development cohort comprised the remaining 157,664
records, with 3,182 cases of SSC-ARs, and was utilized
for the main SSC-AR prediction. The records in the
development cohort encompassed various payor types,
including Medicare (49.0%), managed care (23.7%),
Medicaid (9.1%), commercial (8.8%), and self-pay (1.2%).
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The validation dataset exhibited a slightly higher SSC-AR
rate compared to the development dataset (2.7% vs. 2.0%).
There were no differences in the setting, eligibility, or
predictor variables between the development and validation
datasets.

Outcome variable

The outcome variable in this study was measured as a binary
variable indicating whether a patient experienced an SSC-
AR following spine surgery. SSC was defined as wound-
related and encompassed SSIs, dehiscences, seromas,
skin complications, and other non-healing wounds based
on reported literature (2,11,22,23,28,29). For this study,
records with readmissions within 90 days after discharge
from the index spine surgery were examined. A readmission
with primary diagnosis of one or more SSCs was classified
as having occurrence of an SSC. The occurrence and type
of SSC were determined using ICD-10 codes and diagnosis-
related group (DRG) codes.

Risk factors

Patient-, facility-, and procedure-related risk factors known
to be predictors of higher SSC rates after spine surgeries
(2,5,11,28,30-32) were measured as independent variables.
The spine surgical invasiveness index (33,34), a composite
metric evaluating the invasiveness of the surgical approach
(anterior/posterior), surgical modality (decompression/
fusion/instrumentation), and vertebral levels (thoracic/
lumbar/sacral) concurrently, was computed as a proximate
estimate based on procedure codes listed for each patient
within the scope of this study. Patient factors included age,
gender, comorbidities, and health behaviors (e.g., alcohol
disorder, cocaine disorder, and nicotine dependence).
Comorbidities and health behaviors were determined via
ICD-10 diagnosis codes. Number of hospital beds, hospital
cost type (procedural vs. ratio of costs-to-charges), and
facility geographical location were used to measure facility
risk.

Procedure-specific factors considered influential to SSC
in this study were the following: primary/revision surgery,
blood transfusion, surgery complexity (number of ICD-10
procedures and operative time), surgery case urgency, spine
region location of operation, and the surgical invasiveness
index as a proximate estimate based on procedure codes
listed for each patient. Each surgery’s spinal region risk
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score was calculated as the sum of the points assigned to
three different spinal regions (cervical =1, lumbosacral =2,
and thoracic =3). This scoring methodology was derived
from existing literature, which provides compelling evidence
that the anatomical location of spine surgery associated with
the risk of SSI, following this hierarchical order: thoracic
procedures > lumbosacral/lumbar procedures > cervical
procedures (34,35). Most records did not include weight,
body mass index, or lab values, and therefore, this data was
not extracted for analysis.

Statistical analysis

A mixed effects logistic regression model was developed
as a foundation for a scoring algorithm of SSC-AR risk
using a development cohort (n=157,664; 3,182 SSCs).
Initially, a full multilevel logistic regression model was
constructed to determine the association between SSC-
AR and 37 predictors identified from the PHD dataset
(1able 1). To account for facility-level clustering, a random
effect was added to the intercept. Subsequently, a reduced
multilevel logistic regression model was developed
using the 19 strongest predictors from the full model
(1able 2). Discriminatory capability and goodness of fit were
compared between the full and reduced models.

A risk-assessment point scoring system was then
developed from the 19 predictors in the reduced model
to weight each factor based on its effect size in association
with SSC-AR. Points were assigned based on the relative
strength of each factor: the smallest B coefficient (0.1526)
was assigned one point, and each other risk factor was
assigned a score (rounded to integer) by dividing its p by
0.1526 (36). The resulting risk score was the sum of points
assigned to the 19 individual predictors (7able 2).

The discriminatory capability of the two models was
assessed by receiver operating characteristic (ROC) curve
analysis. Goodness of fit was assessed via a chi-square
statistic [chi-square/degrees of freedom (DF)]. The
deviance or Pearson’s chi-square divided by its DF served
as an estimate of the dispersion parameter @, assessing
goodness of fit of a given generalized linear model using
GENMOD procedure (SAS 9.4; SAS Institute, Cary, NC,
USA) (37). ROC of the full model served as a benchmark
for comparison to determine whether the reduced model
was an equally strong prediction of SSC-AR. A logistic
regression model with the risk score as the sole predictor
was fitted in both the development cohort and a holdout
sample of 1,000 random observations (27 with SSC-AR)
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independent from the development cohort for validation of
the risk score.

Results

Descriptive statistics

Table 1 presents the results of the SSC-AR full model,
along with descriptive statistics, n (%) or mean + standard
deviation (SD), for each risk factor in both the development
and validation cohorts. Additionally, the descriptive
statistics for the development cohort are further categorized
into SSC-AR and no SSC-AR groups. The development
cohort comprised of 3,182 (2.0%) cases with SSC-ARs
(“SSC-AR” group) and 154,482 (98.0%) cases without (“no
SSC-AR” group) (Table 1). The types and frequencies of
SSCs requiring readmission were SSI (67.5%), dehiscence
(44.1%), postoperative seroma (13.7%), skin complication
(10.8%), and other non-healing wound (4.7%). The average
age of open spine patients at the time of initial surgery was
60.8 (range, 18-89) years old, and 50.7% of the study cohort
were female. A relatively high proportion of the cohort were
obese (24.4%) and/or hypertensive (51.4%). Blood disorders
affected 24.8% of the population, 15.8% were current
smokers, and 22.1% had chronic pulmonary disease. A total
of 29,926 (19.0%) cases were classified as emergent/urgent.
Twenty percent of patients underwent revision surgeries,
and 79.8% primary surgeries, which were composed of
78.7% primary fusion, 8.8% revision fusion, 0.8% primary
non-fusion, and 11.7% revision non-fusion surgeries. The
primary fusion surgeries consisted of posterolateral (28.0%),
anterior (26.9%), posterior interbody and lateral (23.1%),
posterior interbody (13.7%), and anterior and posterior
combined (8.3%) approaches. The average operative time
was 4.2 hours (SD =2.3), with 27.1% of the surgeries lasting
5 hours or longer. Nearly 10% of the patients had severe
comorbidities with a Charlson comorbidity score >5. The
SSC-AR group exhibited a higher percentage of risk factors
compared to the no SSC-AR group, particularly in relation
to severe comorbidities (26.1% vs. 9.5%), paraplegia and
hemiplegia (13.5% vs. 6.0%), renal disease (18.9% vs. 9.4%),
and diabetes (40.4% vs. 26.0%). The validation cohort
demonstrated a distribution of risk factors comparable to
that of the development cohort (7able 1).

Full model

The full prediction model, incorporating all 37 predictors,

7 Spine Surg 2024;10(1):40-54 | https://dx.doi.org/10.21037/jss-23-89



Mueller et al. Risk score to predict complications post open spine surgery

44

(panurzu0d) 1 Syqey,

(5'6) 56 (1'92) 1€8 (G'6) veL'viL (6'6) GGS'GH (Sv°1 ‘60°1) 92 61000 200 €20 Aypigiowod aleneg
(L'S1) 1S1 (e'81) €85 (2'S1) yoe've (8'S1) 288"V (€L 0Nt 82€0°0 S0°0 LEO souspuadap 8uljodIN
(€0 e (S0 st (¥°0) 995 (r'0) 185 (L¥"1 ‘05°0) 98°0 ¥€85°0 120 GL0 Jepiosip aureso)
(5'19) G1S (r'v8) eeL’L (€719) 622'6. (7'19) 19608 (ov'L ‘s’ 62t L000°0> 700 920 uoisuapedAH
(929 (re) L0k (r'e)oss'e (re) L68'c (ev'L ‘v6°0) 9Lt 2roLo L0 GL0 Jopiosip |oyooly
(e'e2) e€2 (7'v€) G60°L (e've) vre'Le (r've) 6ev'8€E (lg'L ‘e2'L) 07" L L000°0> ¥0°0 €0 Auseqo
(1'9) 15 (8 cLe (L'v) 20€'9 (e v259 (65°L “te') Bt 1000°0> 200 €€°0 OSBISIP JOAIT
(8'v2) sve (r'ov) 282°L (0'92) 691‘0F (€'92) 95" Ly (6v"L ‘92°1L) 2871 L000°0> ¥0°0 2e0 sejeqelq
(€6) €6 (8'cl) sov (2'8) o6E‘EL (8'8) 86L'Cl (18°0 ‘09'0) 020 L000°0> 80°0 9e'0 adoo
(909 (8'1) 85 (0'1) esr'L ©1) 1psL (ov'L ‘sg’0) gL't 9eer’0 710 L0 oseas|p Joojn onded
(19) 15 (8'6) LLE (0c) 8792 (0's) 656°2 (88°L “L¥'1) 99°1L 1L000°0> 90°0 IS0 oseasIp olewnayy
(5'2e) See (5'e€) 990°L (6"L2) 562'¢e (L'2e) Le8've (86°'L ¥S'1) 2L 1L000°0> 90°0 950 aseasip Areuow|nd oluoiyd
€2 ¢ (r'v) 6L (8'1) 958'c (6'1) G66'C (e6°L ‘2e'1) 09°L 1L000°0> 0L0 10 eluswe(q
(67¢) 6 (82 Lve (r'v) 6989 GroLLL (L1280 LO'L 86760 200 000 9SESSIP JE|NOSBA0IGRISD
G2 s (ecl) 16e (r'9) 5/8'6 (5'9) 99z'0L (Br'L 211 2eL 1L000°0> 90°0 820 osess|p Je|nosen [esoydued
(2°9) 29 (6'S1) 90G (8'9) 0650 (02) 950°LL (091 ‘9z'1) 2v'L 1L000°0> 90°0 GE0 ain|iey Yesy aAisebuo)
(coo (G0 9L (c'0) 962 o zie (582 ‘66°0) 89" | 8950°0 120 250 NH/SQIY
(8'9) 89 (1'e) L62 (5¥) G26'9 (CRAR Ikl Wy 20 vet ¥¥00°0 800 440 JsoueD
(8'8) 88 (6'81) 009 (r'e) 8Ly'v (9'6) 820°G1 (€L 22 ¥¥L 1000°0> 900 9€'0 asess|p [eusy
(7'Q) 5 (Sel) Ley (09) 2v2'6 (1'9) 829'6 (G271 ‘8e"1) 991 1000'0> 900 ¥¥°0 eibe|diwey pue eibs|deled
(¢9) 29 (e01) 82e (09) 2v2'6 (1'9) G25'6 (2271 '86°0) LL'L 8€01°0 100 LEO uonoJeyul [BIPJEO0AN
(L've) v (e'6€) 9ve'L (Sv2) vi6'Le (8'¥72) 09L'6E (oe'L ‘oL BLL 1000°0> ¥0'0 810 Jopiosip poojg
(9'8) 98 (e711) 8ge (1'e) 6LOV L (1'e) 228'v1 (88°0 ‘¥9°0) G20 #0000 800 820 euwyisy

S811IpIgJoW0d Jusiled
(6'87) 681 (€'sP) Lrv'L (r'6v) vee'9L (€'6v) G221 - ‘Joyd ‘Joy ‘Joy I :1epuan)
(L°19) LLS (L'%9) 1wL'L (9'09) 8¥ 182 (2'05) 688'6. (et e eet 1000°0> 200 €20 4 1spusy
9€LFL 19 6CL¥8°1L9 G'€L¥809 G'€L¥809 (00°1 ‘66°0) 00"k 20000 000 100 (steak) eby

solydesbowap jusied

(oo wows  iwosson  wmeo wuo  ewd 3

LI0Y0O UoepIen

10oyo9 swdojanaq

[SpoW [N} %Sl YY-OSS

sonsnels 9ANdLIOSIP IIM [9POW [[Nf Y3 UI SI030B) JSLI /¢ PUB YSLI YY-DSS Usamiaq drysuoneoy T 9[qel,

7 Spine Surg 2024;10(1):40-54 | https://dx.doi.org/10.21037/jss-23-89

© Journal of Spine Surgery. All rights reserved.



45

Journal of Spine Surgery, Vol 10, No 1 March 2024

‘uolelInap psepuess ‘gs ‘dnoub pajejal-sisoubelp ‘HyQ ‘((uswAhed Hyq wouj }dwaxs sedinIes Joy sjeydsoy Aed 0}) sabieyo-03-s3soo Jo
onel ‘D0Y {Sesessi JO UONBOIISSE|D [euoleuIBIuU|l ‘D) ‘oseasip Aleuownd SA1I10NJISQO D1UOIYD ‘dOD ‘SNJIA Adusiospounwill Uuewny ‘AJH ‘@wolpuAs Aouaioepounwiwii
paJinboe ‘gQ|y ‘eoualaal 1oy ‘ajew ‘N ‘ojews) 4 {BAISIUl 9OUSPIUOD ‘| Ol1el SPPO ‘YO ‘IoLd pJepuels ‘JS (uoissiwpeal paleloosse-uoneodldwod ays [eolbins ‘Yy-0SS
"WisiuBYOdW SuNWWI 8y} BUIAJOAUI SI9PIOSIP UIBHSD pue suefio Buiuio}-poojq pue poojq 8y} JO SasEssIp 19pJIoSIP poojd ‘, *dS F

ueaw Jo (%) u se pajuasaid ale ereq

(9'59) 955 (L'09) L16°L (6'75) 098'v8 (0's9) L22'98 (0e'L ‘66°0) €L 88200 200 2Lo [exdsoy Buiyoes|
(2°08) L06 (e'16) ¥06'C (9'16) 725" 1¥L (9'16) 821't7L - ‘Joy Joy 1oy UBQIN :UOIBOO| JSPIACI
(€6) €6 (2'8)8L2 (r'8) 806'Ct (r'8) 98L'cl (9€'1L ‘26°0) HL'L 61820 0L0 L0 [BANJ :UOIEDO| JOPIAOI
(2's1) 281 (r'o1) e25 (G'21) v20'L2 (5'21) 26G°L2 - ‘Joyd ‘Joy 1oy iseayuIoN :uoifal Jopinoid
(Fen) vel (8'cl) sov (911 eg8L (9'11) Loz'slL (89°L ‘20L) L2t Geeo0 L0 20 1S9\ :uolbal Japinoid
(9'8v) 981 (c'6¥) 795°L (7'2¥) 0g2'EL (7'Lv) ¥6L'v L (2€1 '96°0) GL°L 20eL0 60°0 710 UINos :uolbai Jspiroid
(e'e2) ee2 (9'12) 289 (5'e2) Gee'oe (5'e2) 2Lo'Le (0115200 1670 G/2€0 0L0 0L0 1SempIN :uoifal JopInoid
(6'1€) BLE (9'82) 606 (6'62) L2 'O (6'62) 951" LY - Jod Joy Joy 004y :0dA} 1800
(1'89) I8 (r1))elee (1'02) sez'80L (1'02) 805'0 kL (L1 ‘g8°0) 2670 859690 200 €00 [eanpeooid :2dAy 1500
(Ly) 1y (1'2) 89 (6'¢) 0/6'S (8'¢) 820'9 - oy Joy Joy 660-000 :SPaq J0 JoqunN
(9'0v) 90v (6'S1) 2ov'L (2'0v) G28'29 (8'0v) £82'v9 (LL'z‘60°1) 28°L LEL00 yAN) g0 +00G Spaq 4O JequinN
(8'21) 82t (8'21) 901 (8zh viLL'6L (8'21) ozL'oe (lee‘eh ) L5t G600°0 210 Sv'0 667-00% :SPag Jo JoqunN
(o) Lot (L'91) 0eg (2'91) L08'Ge (2'91) Le€'92 (80'c ‘80°L) YL 99100 10 (0j40) 66€-00€ :SPaqg Jo JoquinN
(') Lsk (rer) ey (9v1) evs'ee (9v1) 0L6'c2 (961 ‘20'L) ¥k 16€0°0 210 Ge0 662-00¢ :SPaq Jo JoquinN
(e et (1'6) 682 (L) €29 Lt Freie'Lt (981 ‘s6°0) €€t 6€60°0 10 620 661001 :SPaqg Jo JoquinN

sl poyejal-A|ioe
(e'82) €82 (rrzy) sve'L (8'92) GSt' Ly (1°22) €08'ey (€81 ‘59°1) 89" L 1000°0> ¥0'0 2s0 G< sunoy aAlesado
(5'61) G614 (€'62) £€6 (8'81) £66'82 (0'61) 926'62 (oeL ‘e vet L0000> S0'0 220 KisBins yuebin/Aousbisws
(6¢) 6E (€2) eee (re) 221's (r'e) 6OV'S (r1°1 ‘€8°0) L6°0 09120 80°0 €00 01 saunpedoud QO 40 JequinN
zeTge v'eFey 2TF6'e 2T¥6'e (€0'1L ‘66°0) 1Ok ¥GE€0 100 100 9100s sl uolBa [eulds
(6'18) 618 (e'e2) eee'e (6'62) 88t'cCL (8'62) L28'sCL - ‘Joyd ‘Joy Joy Arewud :adAy AieBing
(L'81) 181 (2'92) 678 (1'02) ¥66°0€ (c'02) ev8'le 'L ‘oc'1) 2et 1L000°0> S0°0 120 uoisinai :adAy AieBing
TYFLY 2'GFLS 6'EFY'Y 6'EFI'Y (ro'L 201 €0°L 1L000°0> 000 €00 Xopul SSOUBAISEAU|
rv) v (s'o1) see 91 6LLL (L9 vsv'L (ee'L ‘o0 SLL 85700 200 710 uolsnysues} poolg

)su pajejal-Aiebing

oo wwoss  wwossen o w0 emd 3

LIOY0O UoEpIeA

Hoyoo juswdojarsg

[SPOW [N} %Sl YY-OSS

(panurzuod) 1 Syqey,

7 Spine Surg 2024;10(1):40-54 | https://dx.doi.org/10.21037/jss-23-89

© Journal of Spine Surgery. All rights reserved.



46 Mueller et al. Risk score to predict complications post open spine surgery

Table 2 Relationship between SSC-AR risk and 19 risk factors in the reduced model

Reduced model B SE P value OR (95% Cl) Score [0-40]
Patient-related risk
Female gender 0.20 0.04 <0.0001 1.22 (1.14, 1.32) 1
Blood disorder" 0.24 0.04 <0.0001 1.28 (1.18, 1.38) 2
Congestive heart failure 0.33 0.06 <0.0001 1.40 (1.24, 1.57) 2
Dementia 0.40 0.09 <0.0001 1.49 (1.24, 1.80) 3
Chronic pulmonary disease 0.31 0.04 <0.0001 1.36 (1.26, 1.47) 2
Rheumatic disease 0.50 0.06 <0.0001 1.65 (1.46, 1.87) 3
Hypertension 0.24 0.04 <0.0001 1.27 (1.17,1.38) 2
Obesity 0.34 0.04 <0.0001 1.40 (1.29, 1.51) 2
Severe comorbidity (CCl =5) 0.29 0.07 <0.0001 1.34 (1.17, 1.54) 2
Nicotine dependence 0.15 0.05 0.0016 1.17 (1.06, 1.28) 1
Liver disease 0.37 0.07 <0.0001 1.44 (1.26, 1.65) 2
Paraplegia and hemiplegia 0.46 0.06 <0.0001 1.59 (1.41,1.79) 3
Peripheral vascular disease 0.27 0.06 <0.0001 1.31 (1.16, 1.47) 2
Renal disease 0.30 0.06 <0.0001 1.35 (1.20, 1.53) 2
Cancer 0.21 0.07 0.0051 1.23 (1.06, 1.42) 1
Diabetes 0.29 0.04 <0.0001 1.34 (1.23, 1.45) 2
Surgery-related risk
Revision surgery* 0.26 0.04 <0.0001 1.30 (1.20, 1.42) 2
Operative hours =5 0.65 0.04 <0.0001 1.92 (1.77, 2.07) 4
Emergency/urgent surgery 0.23 0.05 <0.0001 1.26 (1.15, 1.38) 2
Risk score model in the study population (n=157,664, 3,182 SSC-ARs)
SSC-AR risk score 0.15 0.00 <0.0001 1.16 (1.15,1.17) -
Risk score model in the random sample (n=1,000, 27 SSC-ARs)
SSC risk score 0.16 0.04 <0.0001 1.18 (1.09, 1.27) -

', blood disorder: diseases of the blood and blood-forming organs and certain disorders involving the immune mechanism; *, primary
surgery as the reference. SSC-AR, surgical site complication-associated readmission; SE, standard error; OR, odds ratio; Cl, confidence

interval; CCI, Charlson Comorbidity Index.

demonstrated good discriminatory capability [C-statistic
=74.56%; 95% confidence interval (CI): 73.70-75.42%]
(Figure 1), as well as a satisfactory model fit (chi-square/DF
=0.92). The effect size, significance, and odds ratio (OR)
of each predictor are listed in Table 1. All 37 predictors are
preoperative except “blood transfusion” which was not
selected for the reduced model. Among the most influential
risk factors for SSC-AR were chronic pulmonary disease
(OR, 1.7; 95% CI: 1.5 to 2.0), operative hours >5 (OR, 1.7;

© Journal of Spine Surgery. All rights reserved.

95% CI: 1.6 to 1.8), dementia (OR, 1.6; 95% CI: 1.3 to 1.9),
and paraplegia/hemiplegia (OR, 1.6; 95% CI: 1.4 to 1.8).

Reduced model and SSC-AR risk score

A reduced model was developed by selecting the 19
strongest predictors (Table 2). Patients with rheumatic
disease (OR, 1.7; 95% CI: 1.5 to 1.9) and paraplegia/
hemiplegia (OR, 1.6; 95% CI: 1.4 to 1.8) at baseline, as well
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Figure 1 ROC curve analysis for the full model. ROC, receiver

operating characteristic.
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Figure 2 ROC curve analysis for the reduced model. ROC,

receiver operating characteristic.

as those who underwent a surgery of 5 hours or longer (OR,
1.9; 95% CI: 1.8 to 2.1) were more likely to experience
SSC-ARs. Dementia (OR, 1.5; 95% CI: 1.2 to 1.8) and
liver disease (OR, 1.4; 95% CI: 1.3 to 1.7) also considerably
increased the probability of SSC-AR.

The reduced model exhibited fair discriminative power
(C-statistic =74.12%; 95% CI: 73.26-74.98%) (Figure 2) and
better model fit (Pearson chi-square/DF =0.93) compared to
the full model. The reduced model’s better fit over the full
model was further supported by the calculated consistent
Akaike information criterion (CAIC) (38), an estimator of

© Journal of Spine Surgery. All rights reserved.
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prediction error and of statistical model quality. The CAIC
was slightly lower in the reduced model vs. the full model
(29,329 vs. 29,361, respectively).

Risk factor variables and their weights derived from the
reduced model were the following: female gender (1 point),
blood disorder [2], congestive heart failure [2], dementia
[3], chronic pulmonary disease [2], rheumatic disease
[3], hypertension [2], obesity [2], severe comorbidity [2],
nicotine dependence [1], liver disease [2], paraplegia and
hemiplegia [3], peripheral vascular disease [2], renal disease
[2], cancer [1], diabetes [2], revision surgery [2], operative
hours >5 [4], and emergency/urgent surgery [2].

The total SSC-AR risk score, as the sum of the weights
assigned to the planned procedure and all baseline
comorbidities, had a possible score ranging from 0 to
40. Each specific risk score corresponds to an estimated
probability of SSC-AR. As an example, an obese (2 points),
hypertensive (2 points) patient with a blood disorder
(2 points) and renal disease (2 points) who underwent
an urgent (2 points) 6-hour (4 points) revision surgery
(2 points) would have a total risk score of 16 points
(Table 2) and an estimated probability of SSC-AR of 8.5%
(1able 3). Most surgery cases had a relatively low estimated
risk of SSC-AR; 99% had a risk score <20; only one case
was at a markedly elevated risk with a score >30 (7able 3).
The distribution of risk scores for this primary study cohort
is presented in Figure 3. The probability of risk mirrored
this distribution: 97% of the population had an SSC-AR
risk lower than 7.0%, while 0.1% had a high risk (=18%)
(1uble 4, Figure 4).

The risk score model (C-statistic =74.04%; 95% CI:
73.17-74.90%) using the development cohort suggested
that, for each additional point in the risk score, the
estimated probability of SSC-AR increased by 16% (OR,
1.16; P<0.0001) (Zable 2, Figure 5).

The validation process for the SSC-AR risk score was
conducted using a random hold-out sample of 1,000 cases,
of which 27 (2.7%) experienced SSC-ARs. These 1,000
surgery cases consisted of 80.8% primary fusion, 8.3%
revision fusion, 0.9% primary non-fusion, and 10.0%
revision non-fusion surgeries. The results of the validation
demonstrated that the risk score maintained robust
discriminatory capability (C-statistic =85.16%; 95% CI:
77.71-92.61%) (Figure 6), along with reasonable calibration
(Pearson chi-square/DF =0.77).

When considering different score values as cutoffs to

stratify surgery cases based on their SSC-AR risk, a medium
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Table 3 SSC-AR risk score performance at different cutoff values

Risk score as a cutoff ~ Probability of SSC-AR (%)  Surgeries (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)
0 2.0 100.0 100.0 0.0 2.0 -
2 2.1 90.9 97.5 9.2 2.2 99.4
4 2.4 745 90.5 25.9 25 99.3
6 2.8 54.9 80.0 45.7 2.9 99.1
8 3.5 37.1 66.4 63.5 3.6 98.9
10 4.3 23.1 51.9 77.5 4.5 98.7
12 5.4 13.6 37.6 86.9 5.6 98.5
14 6.9 7.6 25.1 92.8 6.7 98.4
16 8.5 41 16.0 96.1 7.8 98.2
18 10.5 2.0 8.9 98.1 8.8 98.1
20 13.1 0.9 4.0 99.2 8.9 98.0
22 16.3 0.4 1.8 99.7 10.5 98.0
24 20.4 0.1 0.6 99.9 11.1 98.0

SSC-AR, surgical site complication-associated readmission; PPV, positive predictive value; NPV, negative predictive value.
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Figure 3 Distribution of SSC-AR risk score. SSC-AR, surgical site

complication-associated readmission.

risk score such as eight exhibited a sensitivity of 66.4% and
specificity of 63.5%. This means that 66.4% of the total
SSC-AR cases were identified in patients with a risk score
>8, which also included 63.5% of the no-SSC-AR cases.
A higher risk score, such as 20, was associated with higher
specificity (99.2%) but lower sensitivity (4.0%) (Table 3).
Using a cutoff score of eight captured a larger number of
true SSC-ARs compared to a cutoff score of 20, but at the
cost of a higher rate of false alarms.

© Journal of Spine Surgery. All rights reserved.

Discussion

In the present study, we examined the SSC-AR rate in a
fusion-dominant population (87.5%), and its relationship
with patient, facility, and procedure risk factors. By
utilizing a more comprehensive definition of SSCs,
we have expanded upon our previous SSI prediction
model (39) to include a range of wound complications that
occur following open spine surgeries. The complication
rate (2.0%) identified through our database query is
consistent with findings from other published studies.
For instance, Piper et 4l., in their analysis of the National
Surgical Quality Improvement Project (NSQIP) database,
reported that 2.2% of spine surgery patients experienced
at least one wound complication (11). Similarly, Weinstein
et al. observed a wound infection rate of 1.9% in patients
undergoing spinal surgery for lumbar degenerative scoliosis
or spinal stenosis, disk prolapse, metastatic disease, and
degenerative disk disease (19).

For this study, we developed and validated a point-
of-care preoperative SSC-AR risk scoring system based
on data from 158,664 cases of spine surgery which is the
largest reported study population on this topic. A reduced
model with comparable calibration and accuracy to the
37-variable full model, utilizing 19 clinical predictors,
allows for less cumbersome utilization and increased
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Table 4 SSC-AR actual rate vs. predicted rate at different SSC-AR risk levels
Number of SSC-ARs

Actual number of % Total SSC-ARs

Predicted SSC-AR Number of

risk (%) surgeries (%) predicted SSC-ARs (%) (n=8,182)
<3 132,133 (83.8) 1,780 1,704 (1.3) 53.6
3-6.9 21,152 (13.4) 905 1,027 (4.9) 32.3
7.0-8.9 2,097 (1.3) 165 191 (9.1) 6.0
9.0-12.9 1,538 (1.0) 163 157 (10.2) 4.9
13.0-17.9 536 (0.3) 80 72 (13.4) 2.3
18.0-27.9 184 (0.1) 39 23 (12.5) 0.7
28.0-37.9 23 (0.0) 7 8 (34.8) 0.3
>38.0 1(0.0) 0 0(0.0) 0.0

SSC-AR, surgical site complication-associated readmission.
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Figure 4 SSC-AR probability. SSC-AR, surgical site complication-

associated readmission.

applicability to a surgeon’s practice. The results of our
model revealed that patients undergoing spine surgery with
a risk score of >12 accounted for 13.6% of all surgeries but
represented 37.6% of all SSC-ARs (Table 3). Such risk score
cutoff levels, characterized by a high density of unplanned
readmissions, can serve as clinical indicators for employing
more aggressive measures, such as implementing advanced
incisional management strategies (40,41), to reduce the
occurrence of SSCs and ultimately bolster patient safety and
surgical outcomes.

The predictors included in our reduced model align
with risk factors reported in the existing literature. Previous
studies have indicated that conditions such as hypertension,
bleeding disorders, anemias, coagulation deficiencies,

© Journal of Spine Surgery. All rights reserved.
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Figure 5 ROC curve analysis for SSC-AR risk score model in the
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peripheral vascular disease, diabetes, chronic pulmonary
disease, congestive heart failure, neurological disorders,
rheumatoid arthritis, obesity, renal failure, cancer, liver
disease, paralysis, drug abuse, alcohol abuse, and tobacco
use, along with emergency cases, longer operating times
(>180 minutes), and revision surgeries, are associated with
a higher rate of postoperative complications or unplanned
readmissions following spine surgeries (5,28,30,32).
Additional evidence supports that Charlson Comorbidity
Index score is a significant predictor of readmission after
orthopedic surgery (42), and pre-existing dementia and
female gender are associated with an increased risk and
burden of complications following spine surgery (11,43).
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Predictive analytics aims to combat growing healthcare
costs and enhance the value of the healthcare system. The
ACS-SRC (22) and the SURPAS (23,24) derived from
the ACS-NSQIP database, are considered gold standards
for estimating postoperative complications across various
surgical populations (26,44,45). However, such calculators,
which rely on input variables and laboratory data, may
have limited utility in emergency settings. A comparative
study has even argued that both calculators overestimate
readmission risk in higher-risk emergency patients (26).
Universal calculators like ACS-SRC or SURPAS may fail
to capture important factors specifically relevant to spine
procedures and may not accurately predict spine surgery
outcomes (7). Consequently, there has been a growing effort
to develop predictive tools that are specific to diseases and
surgical procedures in the field of spine surgery (46,47).

In a collaborative endeavor to improve outcomes in spine
care, the American Association of Neurological Surgeons
and the American Academy of Orthopaedic Surgeons
established the first orthopedic/neurologic spine registry,
known as the American Spine Registry (48). This registry
facilitates the participation of all spine surgeons in the US
and provides a shared platform for collecting procedural
data, postoperative data, and patient-reported outcome
measurements. Predictive analytics in spine surgery are still
in the beginning stages and have employed techniques such
as machine learning and statistical modeling. Within the
realm of adult spinal deformity surgery, predictive modeling
has been utilized to forecast patient-reported outcomes,

© Journal of Spine Surgery. All rights reserved.

hospital length of stay, blood transfusion requirements,
pseudoarthrosis, complications, and costs (30,49-52).
The European Spine Study Group has developed the
Adult Deformity Surgery Complexity Index (ADSCI)
to quantify the invasiveness of posterior adult spinal
deformity surgery and identify patients who may be at risk
of postoperative complications (53). Predictive models
have also been employed to predict patient satisfaction
following decompression for lumbar stenosis, functional
outcomes after surgery for cervical spondylotic myelopathy
and recurrent lumbar disk herniation (54-57), and outcomes
following elective degenerative spine surgery (47).

The risk score model we present in this study, developed
specifically for assessing the preoperative risk of SSC-
AR in open spine surgery, particularly fusion procedures,
is the first tool of its kind. Furthermore, we validated
this model externally using a large healthcare database.
This tool has the potential to improve workflow by
enabling efficient, timely, and accurate risk stratification
based on readily available clinical information. It allows
practitioners to obtain a bedside risk profile for a patient’s
likelihood of unplanned readmission following open spine
surgery, facilitating the customization of perioperative
risk management strategies to individualized patient risks.
Implementing this risk score model into clinical practice
may assist surgeons in identifying high-risk patients for
which counseling and perioperative optimization protocols
are needed to reduce the risk of experiencing costly
complications and avoid unplanned readmissions. As these
complications are ultimately being linked to quality metrics
that determine prospective payments, our model may
contribute to value-based care by guiding decision-making
regarding risk modification for open spine procedures.

Table 3 illustrates how prediction would vary for each
2-point increase in cutoff score as a reference, providing
surgeons with a reference to determine the levels that best
suit their requirements. For instance, applying a 10-point
cutoff would have enabled 23% of the surgeries to adopt
preoperative SSC intervention targeting around 52% of
unplanned readmissions. Developing an economic model
could inform future studies on the cutoff levels of the risk
score that yield positive returns for surgeons and/or health
systems, considering the costs of intervention, SSC-AR rate,
and readmission cost.

It is important to acknowledge that no predictive
model can account for all risk factors, and every model
has its limitations. The present model, for instance, did
not consider the complete range of patient pathologies
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or specific distinctions in comorbidities. We had limited
knowledge about the severity of comorbidities for
each patient, such as duration, acute/chronic status,
controllability. Likewise, information was unavailable to
determine the purpose or history of spine surgery. We
categorized the spine surgeries by screening each of the
documented ICD-10 procedures to determine if a surgery
had decisive codes for fusion or revision (e.g., removal
of an existing internal fixation device). Surgeries with no
defining procedures of fusion or revision were assigned to
non-fusion or primary categories. Consequently, our study
provides a more conservative estimate of the impact of
surgical categories on SSC-AR. Surgery cases with SSCs
that did not incur a readmission, or with readmissions not
attributable to SSCs, were classified as the “no SSC-AR”
group. Therefore, this study was modeling for the severe
SSCs that had a costly consequence. Owing to the lack of
laboratory data for the majority of the study population, we
were unable to identify preoperative infections or infectious
surgeries to enhance the refinement of our model.
Additionally, the prediction tool we developed and validated
was based on a population consisting of nearly 90% spinal
fusions. Future research is needed to examine how well
the risk score functions in more diverse spine surgery
populations.

Conclusions

Risk scores for predicting health outcomes are quickly
becoming powerful, essential tools to inform perioperative
management. The ability to accurately forecast wound-
related surgical complications based on preoperative
factors is an important step toward reducing unplanned
readmissions and improving value-based care in open spine
surgery. We developed and externally validated a point-
of-care predictive tool for assessing SSC-AR risk in open
spine surgery. The resulting risk score, derived from easily
obtainable clinical information, holds significant potential
as an effective assessment tool for risk stratification in
preoperative settings when open spine surgery is considered.
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