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Background and Purpose: Futile recanalization (FRC) is common among large artery occlusion (LAO) patients after endovascular
therapy (EVT). We developed nomogram models to identify LAO patients at a high risk of FRC pre- and post-EVT to help
neurologists select the optimal candidates for EVT.

Methods: From April 2020 to July 2022, EVT and mTICI score >2b LAO patients were recruited. Nomogram models was developed
by two-step approach for predicting the outcomes of LAO patients. First, the least absolute shrinkage and selection operator (LASSO)
regression analysis was to optimize variable selection. Then, a multivariable analysis was to construct an estimation model with
significant indicators from the LASSO. The accuracy of the model was verified using receiver operating characteristic (ROC),
calibration curve, and decision curve analyses (DCA), along with validation cohort (VC).

Results: Using LASSO, age, sex, hypertension history, baseline NIHSS, ASPECTS and baseline SBP upon admission were identified
from the pre-EVT variables. Model 1 (pre-EVT) showed good predictive performance, with an area under the ROC curve (AUC) of
0.815 in the training cohort (TrC) and 0.904 in VC. Under the DCA, the generated nomogram was clinically applicable where risk cut-
off was between 15%—-85% in the TrC and 5%—100% in the VC. Moreover, age, ASPECTS upon admission, onset duration, puncture-
to-recanalization (PTR) duration, and lymphocyte-to-monocyte ratio (LMR) were screened by LASSO. Model 2 (post-EVT) also
demonstrated good predictive performance with AUCs of 0.888 and 0.814 for TrC and VC, respectively. Under the DCA, the
generated nomogram was clinically applicable if the risk cut-off was between 13—100% in the TrC and 22-85% of VC.
Conclusion: In this study, two nomogram models were generated that showed good discriminative performance, improved calibra-
tion, and clinical benefits. These nomograms can potentially accurately predict the risk of FRC in LAO patients pre- and post-EVT and
help to select appropriate candidates for EVT.

Keywords: acute ischemic stroke, AIS, futile recanalization, endovascular therapy, nomogram model, predictive model

Introduction

Large artery occlusion (LAO)-induced acute ischemic stroke (AIS) has a massive disease burden and carries an elevated
rate of disability and mortality." The current international guidelines” indicate that endovascular therapy (EVT) is the
primary intervention for LAO stroke involving the anterior circulation. In fact, multiple randomized clinical trials (RCTs)
demonstrated the efficacy and safety of this intervention.” The EVT goal is recanalization, which can enhance patient
functional prognosis. Unfortunately, futile recanalization (FRC) is relatively common after EVT in AIS patients.’*
Several studies reported FRC in approximately 40.5-54.5% of patients after EVT.> ® FRC is generally described as worse
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clinical prognosis (mRS score >2 at 3 months), or therapy failure after meaningful recanalization (MRC, TIMI grade 2b
or 3) among AIS patients after EVT.* FRC patients who receive EVT may also experience reperfusion injury, which
consumes additional time and resources. Given these challenges, it is critical to identify suitable LAO candidates who
can undergo EVT without risk of FRC.

Till date, multiple FRC-related indicators have been identified in LAO patients following EVT. These include
advanced age, female gender, and progressive neurological deficits.”>’ In addition, neuroimaging profiles involving
baseline Alberta Stroke Program Early Computed Tomography Score (ASPECTS), poor collateral circulation, and
final infarction volume are also strongly linked to FEC incidences.>'°

Several investigations studying noncontrast CT risk factors (RFs) among mechanical thrombectomy-treated AIS
patients reported that leukoaraiosis and brain atrophy are strongly correlated with worse prognosis among recanalized
patients.'""'? Another report employing diffusion-weighted magnetic resonance imaging (DWI) for FRC prediction
revealed that patients with large preintervention DWI lesions in the deep white matter have poor outcomes following
EVT.® Furthermore, laboratory assessments of interleukins (IL), tumor necrosis factors (TNF), and several inflammatory
markers, namely, high-sensitivity C-reactive protein, homocysteine, neutrophil-to-lymphocyte ratio (NLR), lymphocyte-
to-monocyte ratio (LMR), platelet-to-lymphocyte ratio (PLR), and platelet volume are also linked to AIS patient
outcome.'*!” Likewise, the systemic inflammation response (SIRI) and systemic immune-inflammation indexes (SII)
are also related to FRC in LAO patients following EVT.'® Lastly, certain peri-interventional features like general
anesthesia and delayed PTR are also correlated with FRC occurrence.'”

There are limited investigations on FRC predictive models in LAO patients who receive EVT. As such, currently,
there is no consensus on a predictive model for FRC prediction within this patient population. A nomogram is a robust,
accurate, and visually presented tool of outcome prediction based on data incorporation and scoring methodology. Using
the nomogram model, one can evaluate the risk probability of a single clinical event and stratify patients accordingly.
Hence, it is essential to develop a nomogram model to estimate FRC probability among LAO patients following EVT.
Herein, we assessed FRC-related prognostic indicators using nomogram, and established a pre-EVT (Early) and post-
EVT model (Late) to accurately estimate FRC risk, and empower patients and their relatives with reliable prognostic
information.

Materials and Methods

Patient Selection

For this retrospective investigation, we retrieved information on all acute ischemic stroke patients who underwent EVT
within 24 hours after onset at the National Advanced Stroke Center of the Third Affiliated Hospital of Guangzhou
Medical University (China) between April 2020 and July 2022. EVT reperfusion was assessed according to the
modified Thrombolysis in Cerebral Infarction (mTICI) scales. Eligible patients received EVT and had an mTICI score
>2b. An mTICI score of 2b/3 represented recanalization following EVT. Patients who were eliminated from analysis if
there was missing 3-month mRS, age <18 years, pre-stroke mRS score >2, and onset to arrival (OTA) duration >24
hours. The reasons for our exclusion of patients with a pre-stroke mRS score >2 from the analysis need to be specified.
On the one hand, the patients with pre-stroke mRS score >2 implied a previous disability, who may have additional
risk factors for cerebrovascular diseases.”’ On the other hand, in most clinical studies, patients with a pre-stroke mRS
score >2 are excluded from trials of EVT of acute ischemic stroke in the anterior circulation.?’>* This is because
patients with a pre-stroke mRS score >2 do not have a good outcome with EVT, but rather increase mortality.?>=°
Therefore, we chose to exclude this group of patients to reduce bias in the results. This study was reviewed and
approved by the Ethics Committee of the Third Affiliated Hospital of Guangzhou Medical University, and all patients
involved signed the informed consent form.

Patient Clinical and Radiological Variables
We analyzed the following clinical and radiological profiles across patients: age, sex, RFs, baseline National Institutes of
Health Stroke Scale (NIHSS) score (ranging between 0—42; rising score indicates worse neurological deficit), baseline

880 https: Neuropsychiatric Disease and Treatment 2023:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Guan et al

ASPECTS, ischemic stroke pathogenesis, arterial occlusion location, intravenous thrombolysis, and mTICI grade. We
also assessed patient medical and lifestyle histories, namely, hypertension, diabetes, dyslipidemia, dyslipidemia, coronary
artery disease, as well as smoking and drinking histories. Using ASPECTS via CT, we also calculated the extent of early
infarct, which were based out of a score between 0—10, whereby elevated scores represented smaller early ischemic
alterations. Ischemic stroke pathogenesis was stratified using the ORG 10172 Trial of in Acute Stroke Treatment
(TOAST) criteria.?” In short, the following variable durations were assessed: onset, onset to recanalization (OTR),
OTA, onset to puncture (OTP), arrival to recanalization (AOR), and puncture to recanalization (PTR) durations.
Moreover, we evaluated complications, such as symptomatic intracerebral hemorrhage (sICH), infarct hemorrhagic
transformation (HT), and heating conditions. SICH was described as any intracranial hemorrhage that increases the
total NIHSS score by four points.

Laboratory Measurements

Among the retrieved laboratory information were baseline systolic (SBP), and diastolic blood pressure (DBP), as well as
glucose upon admission, white blood cell differential counts, platelets, mean platelet volume (MPV), hemoglobin (HGB),
albumin (ALB), globulin (GLB), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), creatinine (Cr), homocysteine (HCY), HbAlc, BNP, fibrinogen, and
D-dimer. NLR was computed via division of the neutrophil count (NC) by the lymphocyte count (LC). LMR was
computed via division of the LC by the monocyte count (MC). PLR was computed via division of the platelet count (PC)
by the LC."® The SIRI and SII were described as follows: SIRIENC xMC/LC and SII=PC xNC/LC, respectively.**=

Patient Outcome

The study participants with mTICI >2b were next stratified using the 90-day mRS score, which encompassed the FRC
(90-day mRS of 3-6) and MRC groups (90-day mRS of 0-2). The 90-day mRS was gathered via telephonic conversation
or outpatient appointment at the 3 months follow-up after onset.

Statistical Analysis

Data analyses were conducted via the SPSS 26.0 (IBM Corporation, Armonk, New York, USA) and R software (version
number 4.2.1). Clinical comparison was performed between the FRC and MRC patient cohorts, and continuous variable
normality was assessed via the Shapiro—Wilk test. Data with normal distribution were assessed via the z-test and are
displayed as mean and SD. Data with non-normal distributions were assessed via the Mann—Whitney U-test and are
displayed as median and interquartile range (IQR). The Pearson’s chi-squared or Fisher’s exact test was employed for
categorical information. Missing data was imputed with the miss Forest algorithm. Overall, 101 participants were
arbitrarily separated into a training (TrC, n = 76) and validation cohorts (VC, n = 25), conforming to a ratio of 3:1.
All investigations were two-sided and a P-value <0.05 was set as the significance threshold.

Construction and Evaluation of Models

The least absolute shrinkage and selection operator (LASSO) regression analysis facilitates the shrinkage and variable
selection of linear regression models. To identify indicators, LASSO analysis reduces estimation inaccuracy for a given
quantitative response by using constraints on model parameters such that the regression coefficients (RCs) for certain
variables reduce to zero. Using this mechanism, variables with RC = 0 are eliminated from the model, whereas variables
with RC > 0 are considered strongly linked to the response variable. Then, using a —2log-likelihood and binomial family,
LASSO computes 10-folds K cross-verification to centralize and normalize relevant variables, prior to selecting the ones
with the optimal lambda values. “Lambda.1se” is reported to generate a model with good performance but with minimal
quantity of independent variables.>* Given these advantages, LASSO was chosen to assess TC data for the selection of
significant RF indicators. The multicollinearities of variable combinations were evaluated using variance inflation factors
and condition index. Variables identified as significant in LASSO analysis were used to generate the multivariable
logistic regression analysis,>' and the variables are presented as odds ratio and P value with 95% confidence interval (CT).
Lastly, the resulting significant indicators were employed for nomogram construction. All variables within the nomogram
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received a weighted score. The total of all variable scores was used to assess the individual FRC risk using a function
between the sum score and outcome probability. Finally, a conventional nomogram was generated using the “rms”
package in R.

We also employed several verification techniques to assess the precision of risk estimation of TrC and VC. The area
under the receiver operating characteristic curves (AUCs) was employed to evaluate the model’s predictability, and to
identify the cut-off values that distinguished between the MRC and FRC cohorts. A calibration curve (CC) was plotted
using 1000 bootstrap resampling to examine the relationship between actual events and estimated outcome. The decision
curve analysis (DCA) was employed to quantify the total benefit across all cut-off probabilities to further assess the
benefit of the aforementioned nomograms.*>** Lastly, the online “DynNom” package in R was employed to generate
dynamic nomogram models to predict undesirable outcomes in AIS patient at 3 months post intervention.

Result

Between April 2020 and July 2022, we recruited 134 patients. Following exclusion of patients with failed recanalization
(n=16), a pre-stroke mRS score >2 (n=6), lost following up (n=5), OTA duration > 24 hours (n=2), and age <18 years
(n=1), 101 patients were remaining, among which 76 were stratified into TrC and 25 into VC (Figure 1). No marked
difference was evidenced between these two patient populations, except for the fibrinogen counts (Table 1).

Evaluation of Patient Clinical Profiles

TrC was further separated into two sub-cohorts, namely, MRC (mRS < 2, good prognosis) and FRC (mRS > 2, poor prognosis)
(Table 2). In all, 40 patients (52.6%) were placed in the FRC cohort, among which 24 were males (60%, P > 0.05 relative to the
MRC cohort), with a median age of 78 (69, 86) years (P<0.001 relative to the MRC cohort), 29 patients (72.5%, P=0.044) had

Patients with acute ischemic stroke who
underwent EVT alone or EVT plus IVT
(n=134)

Excluded (n=33)
« Failed recanalization (n=16)
« Pre-stroke mRS score >2 (n=6)
« Lost following up (n=5)
v * Time from onset to arrival > 24 hours
(n=2)
Patients included in the *«Age<18 (n=1)
study(n=101)

Y

v v

Training cohort Validation cohort
N=76 N=25

LASSO regression

2 models

P /Multi\'ariate logistic
i establishment | \ regression
Receiver Operating
characteristic (ROC)
v Nomogram

Calibration curve »| Model assessment
and validation

Decision Curve
Analysis(DCA) Results

the nomogram risk
model is well established
and useful

Figure | Flow chart presenting the process of patient inclusion and exclusion in this study.
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Table | Differences in Characteristics Between the Training Cohort and the Validation Cohort
Overall Training Cohort Validation Cohort P-values
(n=101) (n=76) (n=25)
Futile recanalization, n (%) 53 (52.5) 40 (52.6) 13 (52.0) 1.000
Baseline characteristics
Age, years, median (IQR) 71.00 (63.00, 81.00) 70.50 (61.00, 81.25) 72.00 (66.00, 80.00) 0.688
Male sex, n (%) 64 (63.4) 49 (64.5) 15 (60.0) 0.870
Hypertension, n (%) 61 (60.4) 46 (60.5) 15 (60.0) 1.000
Diabetes mellitus, n (%) 22 (21.8) 16 (21.1) 6 (24.0) 0.976
Dyslipidemia, n (%) 27 (26.7) 19 (25.0) 8 (32.0) 0.670
Atrial fibrillation, n (%) 54 (53.5) 41 (53.9) 13 (52.0) 1.000
Coronary artery disease, n (%) 29 (28.7) 19 (25.0) 10 (40.0) 0.237
Smoking, n (%) 33 (327) 27 (35.5) 6 (24.0) 0412
Drinking, n (%) 14 (13.9) 13 (17.1) | (4.0) 0.190
NIHSS on admission, median (IQR) 14.00 (8.00, 19.00) 14.00 (8.75, 19.00) 16.00 (8.00, 18.00) 0.959
ASPECTS on admission, median (IQR) 10.00 (8.00, 10.00) 9.00 (8.00, 10.00) 10.00 (8.00, 10.00) 0.378
ASPECTS on admission<7, n (%) 19 (18.8) 17 (22.4) 2 (8.0 0.194
Mismatch, median (IQR) 2.90 (2.12, 3.48) 2.84 (2.24, 3.28) 292 (1.72, 3.79) 0.765
TOAST, n (%) 0.793
LAA 38 (37.6) 28 (36.8) 10 (40.0)
CE 56 (55.4) 42 (55.3) 14 (56.0)
Other types 7 (6.9) 6 (7.9) | (4.0)
Location of acute vessel occlusion, n (%) 0.608
ICA 21 (20.8) 15 (19.7) 6 (24.0)
MI-MCA 29 (28.7) 25 (32.9) 4 (16.0)
M2-MCA 14 (13.9) 10 (13.2) 4 (16.0)
ACA 1 (1.0) I (1.3) 0 (0.0
PC 16 (15.8) 12 (15.8) 4 (16.0)
ICA + MCA 20 (19.8) 13 (17.1) 7 (28.0)
Treatment information
Onset time is clear, n (%) 78 (77.2) 56 (73.7) 22 (88.0) 0.228
Intravenous thrombolysis, n (%) 40 (39.6) 31 (40.8) 9 (36.0) 0.850
OTR time, min, median (IQR) 290.00 (192.00, 435.00) 296.50 (195.00, 435.00) 283.00 (192.00, 432.00) 0.900
OTA time, min, median (IQR) 103.00 (50.00, 206.00) 111.50 (55.00, 200.75) 76.00 (18.00, 224.00) 0.201
OTP time, min, median (IQR) 240.00 (147.00, 366.00) 243.00 (150.75, 350.25) 218.00 (145.00, 385.00) 0.804
ATR time, min, median (IQR) 161.00 (118.00, 211.00) 156.50 (111.00, 205.75) 190.00 (134.00, 225.00) 0.142
PTR time, min, median (IQR) 44.00 (29.00, 68.00) 40.50 (27.00, 63.50) 45.00 (33.00, 70.00) 0.341
Number of passages, median (IQR) 2.00 (1.00, 3.00) 2.00 (1.00, 3.00) 2.00 (1.00, 3.00) 0.743
mTICl score, n (%) 0.870
2b 33 (327) 24 (31.6) 9 (36.0)
3 68 (67.3) 52 (68.4) 16 (64.0)
Baseline SBP, mmHg, mean (SD) 150.02 (22.55) 149.68 (23.44) 151.04 (20.03) 0.796
Baseline DBP, mmHg, mean (SD) 84.83 (15.96) 84.39 (l6.13) 86.16 (15.69) 0.634
Complications
Fever, n (%) 51 (50.5) 41 (53.9) 10 (40.0) 0.327
HT, n (%) 25 (24.8) 18 (23.7) 7 (28.0) 0.868
sICH, n (%) 11 (10.9) 7(9.2) 4 (16.0) 0.565
Laboratory data
Glucose, mmol/L, median (IQR) 6.99 (5.47, 8.85) 6.90 (5.46, 8.44) 7.50 (6.01, 9.17) 0.486
White blood cells, x107/L, median (IQR) 9.89 (7.89, 11.89) 9.67 (7.87, 11.39) 10.80 (8.24, 13.49) 0.173
Neutrophils, x10%/L, median (IQR) 7.72 (5.81, 10.11) 7.62 (5.63, 9.94) 8.01 (5.83, 10.75) 0.665
Lymphocytes, x10%/L, median (IQR) 1.12 (0.78, 1.63) I.11 (0.78, 1.49) 1.20 (0.78, 1.73) 0.723
Monocytes, x 10°/L, median (IQR) 0.55 (0.42, 0.68) 0.56 (0.42, 0.67) 0.50 (0.43, 0.70) 0.609
(Continued)
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Table | (Continued).

Overall Training Cohort Validation Cohort P-values
(n=101) (n=76) (n=25)
Platelets, x10%/L, median (IQR) 209.00 (167.00, 248.00) 210.00 (164.25, 250.00) 209.00 (180.00, 238.00) 0.720
MPV, fl, median (IQR) 10.14 (9.60, 10.70) 10.17 (9.47, 10.85) 10.10 (9.80, 10.50) 0.962
NLR, median (IQR) 7.12 (3.86, 11.27) 6.98 (4.15, 10.59) 8.28 (3.36, 13.11) 0.642
LMR, median (IQR) 2.26 (1.41, 3.10) 2.37 (1.44, 2.89) 2.08 (I.10, 3.95) 0.975
PLR, median (IQR) 191.09 (127.48, 263.83) 192.10 (130.64, 261.93) 177.37 (112,57, 271.79) 0.981
SIRI, x10°/L, median (IQR) 3.66 (1.66, 6.98) 3.49 (1.79, 6.57) 4.06 (1.58, 8.91) 0.759
SlI, x10%/L, median (IQR) 1446.21 (731.50, 2685.47) | 1381.06 (742.04, 2579.65) | 1840.92 (662.39, 2845.11) | 0.598
Hemoglobin, g/L, median (IQR) 135.00 (119.00, 147.00) 136.50 (117.75, 147.00) 133.00 (125.00, 144.00) 0.915
Albumin, g/L, mean (SD) 3491 (4.27) 34.90 (4.07) 34.94 (4.92) 0.972
Globulin, g/L, median (IQR) 28.90 (25.80, 31.30) 28.95 (26.20, 31.08) 27.20 (24.50, 31.60) 0.685
Total cholesterol, mmol/L, mean (SD) 4.20 (0.92) 4.13 (0.90) 4.39 (0.95) 0.215
Triglyceride, mmol/L, median (IQR) 0.98 (0.77, 1.25) 0.98 (0.82, 1.26) 0.97 (0.71, 1.24) 0.601
HDL cholesterol, mmol/L, mean (SD) 1.26 (0.33) 1.23 (0.31) 1.34 (0.38) 0.169
LDL cholesterol, mmol/L, mean (SD) 2.67 (0.81) 2.63 (0.78) 2.80 (0.89) 0.359
MHR, 10°/mmol, median (IQR) 0.40 (0.31, 0.57) 0.41 (0.32, 0.58) 0.39 (0.28, 0.55) 0.400
Cr, umol/L, median (IQR) 84.00 (68.00, 95.00) 84.50 (68.00, 97.25) 82.00 (69.00, 91.00) 0.634
Homocysteine, pmol/L, median (IQR) 12.08 (9.88, 13.28) 12.35 (10.44, 13.43) 10.62 (9.30, 12.72) 0.063
HbAlc, %, median (IQR) 6.20 (5.90, 6.70) 6.10 (5.80, 6.70) 6.20 (6.00, 6.50) 0.273
BNP, pg/mL, median (IQR) 1480.88 (800.25, 2276.92) | 1489.38 (861.79, 2534.29) | 1305.00 (569.00, 1942.94) | 0.194
Fibrinogen, g/L, mean (SD) 3.01 (0.87) 291 (0.71) 331 (1.19) 0.046*
D dimer, ng/mL, median (IQR) 762.00 (326.00, 1688.00) | 664.00 (365.00, 1744.25) | 890.47 (273.00, 1263.15) | 0.795

Note: *Variables with P-value < 0.05.

Abbreviations: IQR, interquartile range; SD, standard deviation; NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Acute Stroke Prognosis Early CT Score; TOAST,
Trial of Org 10172 in Acute Stroke Treatment; LAA, large artery atherosclerosis; CE, cardioembolism; ICA, Internal carotid artery; MI-MCA, Middle cerebral artery M|; M2-MCA,
Middle cerebral artery M2; ACA, Anterior cerebral artery; PC, Posterior circulation; ICA + MCA, Tandem Internal carotid artery and Middle cerebral artery occlusion; OTR, onset
to recanalization; OTA, onset to arrival; OTP, onset to puncture; ATR, arrival to recanalization; PTR, puncture to recanalization; mTICI, modified Thrombolysis in Cerebral
Infarction Score; SBP, systolic blood pressure; DBP, diastolic blood pressure; HT, hemorrhagic transformation; sICH, symptomatic intracranial hemorrhage; MPV, mean platelet
volume; NLR, neutrophil-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet-to-lymphocyte ratio; SIRI, systemic inflammation response index; Sll, systemic
immune-inflammation index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Cr, creatinine; HbAlc, Hemoglobin Alc.

hypertension, NIHSS was assessed upon admission in 17 patients (13, 21) (P=0.002), and only 14 patients (35%, P=0.012) had
ASPECTS upon admission <7. The passage quantity between the two cohorts was also markedly different (P=0.009). Lastly,
the FRC patients exhibited markedly elevated baseline SBP, relative to the MRC patients (P=0.011).

Based on our laboratory assessment, the NC was considerably high among FRC patients (P=0015), whereas the MC
was markedly elevated among MRC patients (P=0.003). Moreover, the FRC patients exhibited enhanced NLR with
reduced LMR, relative to the MRC patients (P=0.010, P<0.001). Lastly, the SIRI and SII values were markedly
diminished in the MRC patients, relative to the FRC patients (P<0.001, P=0.009).

Prediction Model Development
We analyzed 19 FRC-related variables recorded before EVT using LASSO, using lambda. min = 0.041 [log (lambda.
min) = —1.386] and lambda.lse = 0.095 [log(lambda.lse) = —1.022]. Owing to our small patient population, we selected
lambda. 1se for analysis. Using lambda.1se = 0.095, we filtered the following variables, namely, age, gender, hypertension
history, baseline NIHSS, ASPECTS upon admission <7 and baseline SBP (Figure 2). Next, we conducted LASSO
analysis to identify the FRC-associated variables from 52 candidates, providing us with lambda. min = 0.072 [log
(lambda. min) = —1.142] and lambda.1se = 0.115 [log(lambda.1se) = —1.143]. We chose lambda.lse again. Using
lambda.1se = 0.115, the following variables were screened, namely, age, ASPECTS upon admission <7, onset time, PTR,
LMR, SBP and sICH (Figure 3).

To establish two predictive nomogram models for the pre- and post-operative FRC risk evaluations, we entered the
aforementioned significant variables into multivariate analysis. No obvious multicollinearity existed for the stand-alone
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Table 2 Comparison of Characteristics Between the Futile Recanalization Group and the Favorable Recanalization Group
Total Meaningful Recanalization Futile Recanalization P-values
(n=76) (n=36) (n=40)
Baseline characteristics
Age, years, median (IQR) 70.50 (61.00, 81.25) 66.00 (57.50, 74.25) 78.00 (69.00, 86.00) <0.001*
Male sex, n (%) 49 (64.5) 25 (69.4) 24 (60.0) 0.536
Hypertension, n (%) 46 (60.5) 17 (47.2) 29 (72.5) 0.044*
Diabetes mellitus, n (%) 16 (21.1) 9 (25.0) 7 (17.5) 0.604
Dyslipidemia, n (%) 19 (25.0) 11 (30.6) 8 (20.0) 0.426
Atrial fibrillation, n (%) 41 (53.9) 18 (50.0) 23 (57.5) 0671
Coronary artery disease, n (%) 19 (25.0) 8 (222) 11 (27.5) 0.791
Smoking, n (%) 27 (35.5) 15 (41.7) 12 (30.0) 0412
Drinking, n (%) 13 (17.1) 5 (13.9) 8 (20.0) 0.688
NIHSS on admission, median (IQR) 14.00 (8.75, 19.00) 11.50 (6.00, 15.00) 17.00 (12.50, 21.00) 0.002*
ASPECTS on admission, median (IQR) 9.00 (8.00, 10.00) 10.00 (9.00, 10.00) 9.00 (7.00, 10.00) 0.053
ASPECTS on admission<7, n (%) 17 (22.4) 3(83) 14 (35.0) 0.012*
Mismatch, median (IQR) 2.84 (2.24, 3.28) 271 (2,06, 3.28) 293 (2.37, 3.24) 0.454
TOAST, n (%) 0.986
LAA 28 (36.8) 13 (36.1) 15 (37.5)
CE 42 (55.3) 20 (55.6) 22 (55.0)
Other types 6 (7.9) 3(83) 3(7.5)
Location of acute vessel occlusion, n (%) 0.173
ICA 15 (19.7) 4 (11.1) Il (27.5)
MI-MCA 25 (32.9) 16 (44.4) 9 (22.5)
M2-MCA 10 (13.2) 3(83) 7 (17.5)
ACA 1 (1.3) 0 (0.0) I (2.5)
PC 12 (15.8) 6 (16.7) 6 (15.0)
ICA + MCA 13 (17.1) 7 (19.4) 6 (15.0)
Treatment information
Onset time is clear, n (%) 56 (73.7) 30 (83.3) 26 (65.0) 0.121
Intravenous thrombolysis, n (%) 31 (40.8) 15 (41.7) 16 (40.0) |
OTR time, min, median (IQR) 296.50 (195.00, 435.00) 282.00 (201.50, 429.00) 309.00 (184.50, 436.25) 0.795
OTA time, min, median (IQR) 111.50 (55.00, 200.75) 106.50 (55.75, 227.00) 124.50 (53.00, 182.75) 0.67
OTP time, min, median (IQR) 243.00 (150.75, 350.25) 247.00 (170.50, 359.25) 237.50 (138.75, 339.00) 0.479
ATR time, min, median (IQR) 156.50 (111.00, 205.75) 146.00 (110.75, 188.00) 162.50 (114.00, 214.50) 0411
PTR time, min, median (IQR) 40.50 (27.00, 63.50) 37.50 (26.00, 50.25) 53.50 (28.50, 77.25) 0.074
Number of passages, median (IQR) 2.00 (1.00, 3.00) 2.00 (1.00, 2.00) 2.00 (1.75, 3.00) 0.009*
mTICI score, n (%) 0.356
2b 24 (31.6) 9 (25.0) 15 (37.5)
3 52 (68.4) 27 (75.0) 25 (62.5)
Baseline SBP, mmHg, mean (SD) 149.68 (23.44) 142.58 (23.26) 156.07 (21.96) 0.011*
Baseline DBP, mmHg, mean (SD) 84.39 (16.13) 80.67 (17.56) 87.75 (14.10) 0.055
Complications
Fever, n (%) 41 (53.9) 17 (47.2) 24 (60.0) 0.376
HT, n (%) 18 (23.7) 5 (13.9) 13 (32.5) 0.102
SICH, n (%) 7092) I (2.8) 6 (15.0) 0.149
Laboratory data
Glucose, mmol/L, median (IQR) 6.90 (5.46, 8.44) 6.67 (5.39, 8.22) 6.95 (5.70, 8.97) 0.385
White blood cells, x10%/L, median (IQR) 9.67 (7.87, 11.39) 8.77 (7.25, 10.94) 10.17 (8.20, 12.67) 0.071
Neutrophils, X 10%/L, median (IQR) 7.62 (5.63, 9.94) 6.84 (5.00, 8.43) 8.97 (6.45, 10.91) 0.015*
Lymphocytes, X10%/L, median (IQR) 1.11 (0.78, 1.49) 1.20 (0.80, 2.06) 1.02 (0.76, 1.44) 0.242
Monocytes, x10°/L, median (IQR) 0.56 (0.42, 0.67) 0.46 (0.32, 0.64) 0.62 (0.53, 0.72) 0.003*
Platelets, x 10%/L, median (IQR) 210.00 (164.25, 250.00) 199.50 (158.75, 246.00) 210.00 (169.00, 256.00) 0.242
MPV, fl, median (IQR) 10.17 (9.47, 10.85) 10.20 (9.57, 10.77) 9.95 (9.38, 10.85) 0.759
NLR, median (IQR) 6.98 (4.15, 10.59) 5.92 (3.35,7.33) 8.79 (5.27, 11.56) 0.01*
LMR, median (IQR) 237 (1.4, 2.89) 2.81 (2.32, 3.38) 1.60 (1.29, 2.50) <0.001*
(Continued)
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Table 2 (Continued).

Total Meaningful Recanalization Futile Recanalization P-values

(n=76) (n=36) (n=40)
PLR, median (IQR) 192.10 (130.64, 261.93) 176.55 (104.88, 208.15) 223.96 (149.06, 275.05) 0.052
SIRI, x10%/L, median (IQR) 3.49 (1.79, 6.57) 2.30 (1.44, 3.73) 5.20 (2.97, 8.15) <0.001*
Sll, x10°/L, median (IQR) 1381.06 (742.04, 2579.65) 912.37 (587.43, 1671.04) 1832.98 (1110.02, 2759.99) 0.009*
Hemoglobin, g/L, median (IQR) 136.50 (117.75, 147.00) 131.50 (114.92, 147.00) 139.00 (121.75, 148.00) 0.357
Albumin, g/L, mean (SD) 34.90 (4.07) 35.45 (4.79) 34.42 (3.28) 0.274
Globulin, g/L, median (IQR) 28.95 (26.20, 31.08) 28.19 (25.70, 30.63) 29.50 (26.58, 31.33) 0.275
Total cholesterol, mmol/L, mean (SD) 4.13 (0.90) 4.14 (1.04) 4.12 (0.78) 0.947
Triglyceride, mmol/L, median (IQR) 0.98 (0.82, 1.26) 1.00 (0.83, 1.41) 0.98 (0.81, 1.18) 0.599
HDL cholesterol, mmol/L, mean (SD) 1.23 (0.31) 1.16 (0.33) 1.30 (0.28) 0.068
LDL cholesterol, mmol/L, mean (SD) 2.63 (0.78) 2.66 (0.89) 2.60 (0.68) 0.762
MHR, 10%/mmol, median (IQR) 0.41 (0.32, 0.58) 0.43 (0.28, 0.58) 0.40 (0.33, 0.58) 0.803
Cr, umol/L, median (IQR) 84.50 (68.00, 97.25) 84.50 (67.75, 93.00) 85.00 (71.00, 106.75) 0.396
Homocysteine, pmol/L, median (IQR) 12.35 (10.44, 13.43) 11.72 (9.98, 12.70) 12.86 (11.77, 14.34) 0.012*
HbAl¢c, %, median (IQR) 6.10 (5.80, 6.70) 6.15 (5.80, 6.80) 6.10 (5.80, 6.62) 0.971
BNP, pg/mL, median (IQR) 1489.38 (861.79, 2534.29) 1494.00 (935.18, 2452.77) 1449.50 (578.43, 2749.25) 0.685
Fibrinogen, g/L, mean (SD) 291 (0.71) 2.80 (0.71) 3.01 (0.70) 0.197
D dimer, ng/mL, median (IQR) 664.00 (365.00, 1744.25) 555.50 (302.00, 1657.04) 779.00 (431.00, 1863.00) 0.185

Note: *Variables with P-value < 0.05.

Abbreviations: IQR, interquartile range; SD, standard deviation; NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Acute Stroke Prognosis Early CT Score; TOAST,
Trial of Org 10172 in Acute Stroke Treatment; LAA, large artery atherosclerosis; CE, cardioembolism; ICA, Internal carotid artery; MI-MCA, Middle cerebral artery MI; M2-MCA,
Middle cerebral artery M2; ACA, Anterior cerebral artery; PC, Posterior circulation; ICA + MCA, Tandem Internal carotid artery and Middle cerebral artery occlusion; OTR, onset
to recanalization; OTA, onset to arrival; OTP, onset to puncture; ATR, arrival to recanalization; PTR, puncture to recanalization; mTICI, modified Thrombolysis in Cerebral
Infarction Score; SBP, systolic blood pressure; DBP, diastolic blood pressure; HT, hemorrhagic transformation; sICH, symptomatic intracranial hemorrhage; MPV, mean platelet
volume; NLR, neutrophil-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet-to-lymphocyte ratio; SIRI, systemic inflammation response index; SlI, systemic
immune-inflammation index; HDL, high-density lipoprotein; LDL, low-density lipoprotein; Cr, creatinine; HbAlc, Hemoglobin Alc.

indicators that were entered into multivariate analysis. (Table 3). Model 1 revealed that patient age (odds ratio (OR),
1.08; 95% confidence interval [CI], 1.01 to 1.12), baseline NIHSS (OR, 1.12; 95% CI, 1.01 to 1.25), and ASPECTS upon
admission <7 (OR, 7.13; 95% CI, 1.46 to 34.76) were stand-alone FRC indicators (Table 4). Additionally, model 2
revealed that patient age (OR, 1.07; 95% CI, 1.112 to 17.587), ASPECTS upon admission <7 (OR, 11.82; 95% CI, 1.47
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Figure 2 Variable selection by the LASSO binary logistic regression model. (A) coefficients profile plot was constructed against the log(lambda) sequence. Six variables with
nonzero coefficients were selected by deriving the optimal lambda. (B) Following verification of the optimal parameter (lambda) in the LASSO model, we plotted the partial
likelihood deviance (binomial deviance) curve versus log(lambda) and drew dotted vertical lines based on | standard error criteria.

Abbreviation: LASSO, Least absolute shrinkage and selection operator.
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Figure 3 Variable selection by the LASSO binary logistic regression model. (A) Coefficient profile plot was constructed against the log(lambda) sequence. Seven variables
with nonzero coefficients were selected by deriving the optimal lambda. (B) Following verification of the optimal parameter (lambda) in the LASSO model, we plotted the
partial likelihood deviance (binomial deviance) curve versus log (lambda) and drew dotted vertical lines based on | standard error criteria.

Abbreviation: LASSO, Least absolute shrinkage and selection operator.

to 94.77), onset duration (OR, 0.12; 95% CI, 0.02 to 0.76), PTR (OR, 1.04; 95% CI, 1.01 to 1.07), and LMR (OR, 0.52;
95% CI, 0.28-0.97) were stand-alone FRC indicators (Table 4).

Next, two predictive nomogram models were established using the aforementioned stand-alone FRC indicators
(Figure 4 and 5). In addition, we established a dynamic nomograph based on the network so that clinicians

and researchers can access it more widely and easily https://modellpre-evt.shinyapps.io/DynNomapp-pre-EVT,

https://model2post-evt.shinyapps.io/DynNomapp-pre-EVT Get it online. Clinicians and researchers can input indi-

vidual variables of patients on the website to easily obtain the risk of invalid recanalization.

Prediction Model Assessment and Validation

For the predictive Models 1 and 2, the pooled nomogram AUCs were 0.815 (95% CI, 0.720 to 0.911) and 0.888 (95% CI, 0.813
to 0.964) in the TrC, respectively, and 0.904 (95% CIL, 0.790 to 1.000) and 0.814 (95% CI, 0.623 to 1.000) in the VC,
respectively (Figures 6A and FB), thereby demonstrating good performance. Both nomogram CCs utilized 1000 resampling for
bootstrapping verification, which also displayed good agreements between the estimated and actual values (Figures 7A, B, 8A
and B). The mean squared error of models 1 and 2 were 0.039 and 0.025, respectively, again revealing good predictive

Table 3 Multicollinearity Assessment

Variables VIF

Age 1.364
Gender 1.396
Hypertension 1.237
NIHSS on admission 1.501
ASPECTS on admission <7 1.153
Baseline SBP 1.215
Onset time 1.046
PTR time 1.126
sICH 1.103
LMR 1.247

Abbreviations: VIF, variance inflation factor; NIHSS,
National Institutes of Health Stroke Scale; ASPECTS,
Alberta Stroke Program Early CT Score; SBP, systolic
blood pressure; PTR, puncture to recanalization; SBP,
systolic blood pressure; sICH, symptomatic intracranial
hemorrhage; LMR, lymphocyte-to-monocyte ratio.
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Table 4 The Multivariable Logistic Regression Analysis

Model-1 Model-2
Variable Multivariate Variable Multivariate
OR (95%Cl) P-values OR (95% CI) P-values

Age 1.08 (1.01-1.12) 0.018* Age 1.07 (1.01-1.14) 0.042*

Male sex 2.78 (0.63—12.56) 0.177 ASPECTS on admission <7 11.82 (1.47-94.77) 0.020*

Hypertension 2.03 (0.61-6.80) 0.251 Onset time is clear 0.12 (0.02-0.76) 0.024*

NIHSS on admission 1.12 (1.01-1.25) 0.040* PTR time 1.04 (1.01-1.07) 0.013*

ASPECTS on admission <7 7.13 (1.46-34.76) 0.015% Baseline SBP 1.03 (0.99-1.07) 0.057

Baseline SBP 1.01 (0.98-1.04) 0.259 sICH 17.46 (0.95-322.31) 0.055
LMR 0.52 (0.28-0.97) 0.038*

Note: *Variables with P-value < 0.05.
Abbreviations: NIHSS, National Institutes of Health Stroke Scale; ASPECTS, Acute Stroke Prognosis Early CT Score; PTR, puncture to recanalization; SBP,
systolic blood pressure; LMR, lymphocyte-to-monocyte ratio; sICH, symptomatic intracranial hemorrhage.

performance. Subsequently, using decision-curve analysis (DCA), we assessed whether the generated nomograms can delineate
FRC from MRC patients. In case of model 1, based on the DCA, the nomogram predictability was enhanced when the risk cut-
off was between 0-80% in the TrC and between 0-100% in the VC (Figure 9A and B). In case of model 2, the nomogram
predictability was enhanced when the risk cut-off was between 15-85% in the TrC, and >5% in the VC (Figure 10A and B).

Discussion

Herein, we generated and verified two estimation nomograms that integrated AIS patient demographic, clinical, and
laboratory profiles for the individualized prediction of FRC prognosis before and after EVT. Even though a worse AIS
prognosis is primarily due to disease severity, a precise prognosis is crucial for the clinical decision-making process
involving AIS patients. To minimize overfitting or skewed indicator distributions that are common with classical logistic
regression analyses, we employed LASSO regression to evaluate the 19 potential FRC-related variables prior to EVT,
and 52 indicator candidates after EVT. We further assessed the estimated outcomes by narrowing down the RCs using
LASSO. Lastly, we employed multivariate analysis to identify stand-alone FRC indicators, and a nomogram was
subsequently generated.

Points

Age

10 20 30 40 50 60 70 80 9 100 110

Baseline NIHSS

<7
ASPECTS
>7
Total Points
0 20 40 60 80 100 120 140 160
Risk of Futile Recanalization
0.01 0.1 0.3 0.5 0.8 0.9

Figure 4 Development of a novel nomogram for predicting the individual risk of futile recanalization endovascular treatment via a multivariable logistic regression analysis.
The predictive nomogram was developed in the training set of Model |, with age, baseline NIHSS, ASPECTS on admission.
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Figure 5 Development of a novel nomogram for predicting the individual risk of futile recanalization endovascular treatment via a multivariable logistic regression analysis.
The predictive nomogram was developed in the training set of Model 2, with age, baseline ASPECTS, onset time, PTR and LMR.
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Figure 6 Receiver operating characteristic curve (ROC) validation of the Model | (A) and Model 2 (B) nomogram prediction.

Nomograms are highly reliable and practical estimation tools. They generate distinct possibilities of clinical events by
combining different prognostic and determinant data, and by incorporating several strong event indicators to assess
individual risk.>* Nomograms are a great resource for integrating biological and clinical findings, and they are critical for
the development of personalized therapy. Lastly, it has good user-friendly digital interfaces, which facilitates prognosis
prediction and enhances clinical decision-making.*’

Model 1 nomogram included three variables, namely age, baseline NIHSS, and baseline ASPECTS. Meanwhile,
model 2 nomogram included five variables, namely, age, baseline ASPECTS, onset duration, PRT, and LMR. Both
models demonstrated good discriminatory power, calibration, and clinical utility.
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Figure 7 Calibration curves of the Model | nomogram prediction. The y-axis meant the actual diagnosed DR. The x-axis meant the predicted risk of DR. The diagonal
dotted line meant a perfect prediction by an ideal model. The solid line represented the performance of the training set (A) and validation set (B), which indicated that
a closer fit to the diagonal dotted line represented a better prediction.
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Figure 10 Decision curve analysis for the Model 2 nomogram. The y-axis measured the net benefit. The thick solid line represented the assumption that all patients had no
FR. The thin solid line represented the assumption that all patients had FR. The dotted line represented the risk nomogram. (A) From the training set and (B) from the
validation set.

Relative to younger participants, older participants who receives EVT, experiences a reduced rate of good clinical
outcomes. Similar to earlier publications,”'%'*#°¢ we revealed that advanced age was strongly correlated with functional
dependence, even with MRC. This is potentially due to an elevated incidence of underlying diseases and complications,
along with a reduced potential for rehabilitation among older versus younger patients. Owing to the increased presence of
underlying diseases among older patients, enhanced neuronal plasticity is not easy to achieve, even with post-reperfusion
therapy. As a result, leukoaraiosis and the weak blood—brain barrier may contribute to intracranial hemorrhage (ICH)
among older patients. In addition, collateral blood supply may be worse in older versus younger patients. Of note, in terms
of the optimal AIC therapy, older patients, particularly, those with good pre-stroke functional status may still benefit from
EVT.?” Given these evidence, older patients should not be exempt from thrombectomy; however, the newly developed
prognostic indicator can potentially inform patients and their families about post-stroke patient outcome.

Baseline NIHSS is generally considered a robust FRC indicator following thrombectomy. Herein, we also demonstrated
that an elevated NIHSS score upon admission was intricately linked to FRC incidence, which was consistent with prior
publications.”**1?-3336-38:39 Interestingly, Lee et al reported that the reperfusion benefits following EVT enhanced with
stroke severity, in spite of augmented FRC rate.>® Likewise, a meta-analysis revealed that patients with severe mechanical
stroke (NIHSS score >20) achieved higher benefits from thrombectomy, compared to pharmaceutical therapy. This is likely
because patients with severe stroke typically becomes functionally dependent, if left untreated, and only few patients with
sufficient salvageable brain tissue can potentially recover following reperfusion. Based on these evidence, when deemed as
a non-modifiable RF, an elevated NIHSS score should not exclude a patient from receiving EVT.

Emerging reports suggest that the proper selection of EVT recipients using imaging criteria enhances patient
outcome.**** Herein, we demonstrated that ASPECTS upon admission can aid in the prediction of functional outcomes
following LAO MRC. Moreover, we stratified at <7 vs >7 to estimate patient prognosis at 90 days. Patients with reduced
scores represented massive brain ischemic infarction lesions, indicating that despite MRC, good functional outcomes
were difficult to achieve.

Early vascular recanalization following AIS can protect patients from more ischemic penumbra, reduce core infarct
volume, enhance clinical prognosis, and reduce FRC incidence. One prospective IMS III; (interventional management of
stroke III) investigation examining the outcome of mechanical thrombectomy of AIS venous thrombolysis bridge within
3 hours of onset revealed that the OTP duration is longer among FRC patients, and multivariate analysis further revealed
that the OTP duration is a stand-alone RF for FRC.” Similarly, in a HERMES meta-analysis, the mean OTP duration was
238min in patients with MRC, and the time delay in reperfusion was found to be strongly associated with FRC.**
A Japanese study prospectively examined 2420 patients with anterior circulation large vessel occlusive AIS who received
EVT within 12 hours of onset in 46 centers. Based on its post-mortem analysis, a femoral artery PTR duration <80 min
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made mTICI2b patients more susceptible than mTICI3 patients to FRC. However, when the PTR duration was >80 min,
no marked difference was evident in the FRC prevalence between the two groups.*’

In this investigation, the onset and PTR durations were identified as stand-alone RFs for FRC prediction among EVT-
treated LAO patients. This is a novel find in the field of FRC research. One possible rationale for our findings is that
patients experiencing prolonged operation durations may have occlusions that are challenging to recanalize. Hence,
a longer duration likely represents multiple attempts at achieving a good TICI score. This can, unfortunately, enhance the
risk of intra- and post-procedural intracranial vasculature surgery-related complications.

Our study established that the LMR in peripheral blood samples accurately predict FRC following EVT. Inflammation
accelerates AIS progress, and leukocytes, namely, neutrophils, lymphocytes, and monocytes, possess distinct roles in an
inflammatory reaction.***® Neutrophils typically stimulate the inflammatory process, thereby inducing brain damage via
release of inflammatory mediators. In contrast, monocytes interact with platelets and endothelial cells to enhance inflammation
via inflammatory and prothrombotic networks. Lymphocytes, on the other hand, downregulate inflammation.**~° Prior
investigations suggested that inflammatory markers like NLR and LMR are closely correlated with AIS patient
prognosis.”’’**? Reduced NLR and enhanced LMR indicate desirable AIS patient outcome.’' > Hence, elevated LMR levels
are correlated with enhanced prognosis following EVT, which is brought about by inhibition of the inflammatory response via
downregulation of monocytes and upregulation of the anti-inflammatory property of lymphocytes.

SIRI is newly discovered inflammatory indicator, and it performs better than NLR or LMR in predicting inflamma-
tion. This is likely due to SIRI (neutrophilx monocyte/lymphocyte), which concurrently represents the status of three
variables, while NLR (neutrophil/lymphocyte) and LMR (lymphocyte/monocyte) represent only two variables. Based on
a prior publication, both SIRI and SII are stand-alone indicators of FRC in EVT-treated patients.>* Nevertheless, herein,
our analyses did not identify SIRI and SII as stand-alone indicators of FRC in EVT-treated LAP patients.

However, the present study still has some limitations. First, the study is a single-center retrospective study with
a relatively small sample size, and some bias are inevitable. Therefore, prospective and external validation studies with
large samples are needed. Second, we excluded the population with pre-stroke mRS score >2, as in most previous clinical
studies. Therefore, the predictive power of our study for this group of patients needs to be further analyzed and studied.

Conclusion

This study showed that the establishment of our dynamic and visualized nomogram model could be applied preopera-
tively and postoperatively to accurately predict the risk of futile recanalization in patients with LAO and two predictive
models demonstrated good discriminative performances, along with enhanced calibration, and clinical benefits, which
assist in the selection of clinical treatment modalities. In the future, the emergence of more multi-center studies will be

more conducive to the application of our model in clinical settings.
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