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Abstract
Background and Objectives
We recently developed a model (PROCEED) that predicts the occurrence of persistent per-
fusion deficit (PPD) at 24 hours in patients with incomplete angiographic reperfusion after
thrombectomy. This study aims to externally validate the PROCEED model using pro-
spectively acquired multicenter data.

Methods
Individual patient data for external validation were obtained from the Endovascular Therapy for
Ischemic Stroke with Perfusion-Imaging Selection, Tenecteplase versus Alteplase Before
Endovascular Therapy for Ischemic Stroke part 1 and 2 trials, and a prospective cohort of the
Medical University of Graz. The model’s primary outcome was the occurrence of PPD, defined
as a focal, wedge-shaped perfusion delay on 24-hour follow-up perfusion imaging that corre-
sponds to the capillary phase deficit on last angiographic series in patients with <Thrombolysis
in Cerebral Infarction 3 reperfusion after thrombectomy. The model’s performance was
evaluated with discrimination, calibration accuracy, and clinical decision curves.

Results
We included 371 patients (38% with PPD). The externally validated model had good dis-
crimination (C-statistic 0.81, 95% CI 0.77–0.86) and adequate calibration (intercept 0.25, 95%
CI 0.21–0.29 and slope 0.98, 95% CI 0.90–1.12). Across a wide range of probability thresholds
(i.e., depending on the physicians’ preferences on how the model should be used), the model
shows net benefit on clinical decision curves, informing physicians on the likelihood of PPD. If a
physician’s attitude toward false-positive and false-negative ratings is equal, the model would
reduce 13 in 100 unnecessary interventions by correctly predicting complete delayed reper-
fusion, without missing a patient with PPD.
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Discussion
The externally validated model had adequate predictive accuracy and discrimination. Depending on the acceptable threshold
probability, the model accurately predicts persistent incomplete reperfusion and may advise physicians whether additional
reperfusion attempts should be performed.

Introduction
The goal of endovascular therapy for patients with acute is-
chemic stroke is complete reperfusion, defined as Throm-
bolysis in Cerebral Infarction (TICI) score 3.1,2 However, the
benefit of additional reperfusion attempts among patients
who achieve technically successful but incomplete angio-
graphic reperfusion (TICI2b) varies considerably because of
different prognostic factors and unknown natural evolution of
the distal occlusion (i.e., spontaneous delayed reperfusion
[DR] vs persistent deficit progressing to infarction).3-5 More
than half of endovascularly treated stroke patients with in-
complete reperfusion have complete DR of remaining vessel
occlusions, with no or very few minor infarct evolutions and a
good clinical outcome.4 Among these patients, adjuvant
reperfusion rescue strategies (e.g., secondary mechanical
thrombectomy, intra-arterial thrombolytics, antithrombotics)
are likely unnecessary or potentially harmful.3,6

To inform interventionalists on the chances of favorable
natural evolution of the distal occlusion, that is, DR vs an
unfavorable natural disease evolution, that is, persistent per-
fusion deficit (PPD), we have previously developed and in-
ternally validated the PeRfusion OutComE prEDiction
(PROCEED) model.7 PROCEED is a prognostic model that
predicts the occurrence of PPD at 24 hours after incomplete
reperfusion (TICI <3) has been observed on the final digital
subtraction angiography runs. The model consists of 7 pre-
dictors and has been validated internally. However, being
validated only on a single-center stroke registry data limits the
generalizability of the model.7 Therefore, it remains uncertain
whether the PROCEED model could be applied in other
settings and health care systems.8-10 If the PROCEED model
performs well on an external data set, it could inform the
decision making whether to pursue additional reperfusion
attempts or stop the procedure once incomplete reperfusion
with remaining distal vessel occlusions is encountered.

To evaluate the performance of the model further, we per-
formed an external validation study using pooled international

multicenter data of patients who received perfusion imaging
on the 24-hour follow-up examination after endovascular
treatment.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
External validation has been performed using pooled
individual-patient data from 3 randomized controlled trials
(RCTs) and a prospective single-center cohort. This study
was performed according to the Declaration of Helsinki and
was approved by the ethics committee (KEK ID 231/2014).
Informed consent was obtained from all participants or legal
representatives. Study results have been reported according to
the transparent reporting of multivariable prediction models
developed or validated using clustered data (TRIPOD-
Cluster) statement.11

External Data Set
Individual patient data for external validationwere obtained from
the Endovascular Therapy for Ischemic Stroke with Perfusion-
Imaging Selection (EXTEND-IA), Tenecteplase Versus Alte-
plase Before Endovascular Therapy for Ischemic Stroke
(EXTEND-IA TNK) part 1 and part 2 trials (ClinicalTrials.gov,
unique identifier: NCT01492725, NCT02388061, and
NCT03340493, respectively).12-14 Methodology of these
RCTs has been described previously.12-14 For all of these
RCTs, written informed consent was obtained from patients or
legal representatives and institutional ethics committee ap-
proved the study at each recruitment site. We also pooled the
data from the prospective study cohort of the Medical Uni-
versity Graz, a tertiary-level hospital serving as a reference
center for patients with stroke in southern Austria. This par-
ticular data set was used for external validation only and con-
sists of prospectively enrolled consecutive patients from 2018
to 2022 undergoing endovascular therapy with perfusion im-
aging on scheduled follow-up (ClinicalTrials.gov, unique
identifier: NCT05273216).15 Only patients who presented

Glossary
aOR = adjusted odds ratio; ASITN/SIR = American Society of Intervention and Therapeutic Neuroradiology and Society of
Interventional Radiology; DR = delayed reperfusion; eTICI = expanded Thrombolysis in Cerebral Infarction; EXTEND-IA =
Endovascular Therapy for Ischemic Stroke with Perfusion-Imaging Selection; EXTEND-IA TNK = Tenecteplase versus
Alteplase Before Endovascular Therapy for Ischemic Stroke; PPD = persistent perfusion deficit; PROCEED = PeRfusion
OutComE prEDiction; RCT = randomized controlled trial; TICI = Thrombolysis in Cerebral Infarction.
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with acute ischemic stroke due to large vessel occlusions in the
anterior circulation, final expanded TICI (eTICI) grade 2a–2c,
and available perfusion imaging on 24 ± 12 hour follow-up were
included in the final analysis.

Primary Outcome
The primary prediction outcome of the model is perfusion
status on follow-up perfusion maps, which was dichotomized
into PPD or DR. Perfusion imaging outcome was evaluated by
an independent core laboratory, blinded to clinical and
technical details, using the same methodology that was out-
lined in the charter of the original model.7 In brief, PPD refers
to a focal, wedge-shaped perfusion delay on follow-up per-
fusion maps that corresponds to the capillary phase deficit on
the last angiography series. If the perfusion deficit was smaller
than the angiographic deficit, but still suggestive of a distal
vessel occlusion within the angiographically hypoperfused

territory, it was rated as PPD. Conversely, DR was defined as
the absence of any focal perfusion deficit on follow-up per-
fusion maps, despite incomplete reperfusion on the final an-
giography series (Figure 1). PPD was chosen to be the
predicted outcome, because decision curves are usually shown
with respect to prediction of the disease (e.g., cancer).16-18

Perfusion Postprocessing Protocols
In all 3 RCTs, perfusion imaging was performed on both
admission and the 18- to 30-hour follow-up examination, as
part of the prespecified study protocol.12-14 Raw CT perfusion
maps from the admission in these RCTs were postprocessed
with the same software as the CT perfusion maps in the
original model (syngo.via; Siemens, Erlangen, Germany).7

Perfusion maps from the follow-up were postprocessed with a
commercially available software (RAPID; iSchemaView, Inc.,
Menlo Park, CA), as per the RCT protocols. Patients from the

Figure 1 Perfusion Imaging Outcome in Patients With Incomplete Reperfusion

Perfusion imaging outcome was evaluated on
time-to-peak and time-to-maximum perfusion
maps, because of their high sensitivity for vessel
reperfusion status. Final angiography runs are
displayed with high contrast to emphasize the
capillary phase deficits. (A) Preinterventional per-
fusion imaging shows a right-side internal carotid
artery occlusion (left panel). Final DSA run shows
incomplete reperfusion (eTCI 2b50, middle panel).
On the follow-up perfusion imaging, there is no
visible deficit despite incomplete reperfusion on
the finalDSA run (right panel). (B) Preinterventional
perfusion imaging shows left-side M2 occlusion
(left panel). Final DSA run shows incomplete
reperfusion (eTICI 2b50, middle panel). On the
follow-up perfusion imaging, there is no visible
deficit despite incomplete reperfusion on the final
DSA run (right panel). (C) Preinterventional perfu-
sion imaging shows right-side M1 occlusion (left
panel). Final DSA run shows incomplete reperfu-
sion (eTICI 2b67, middle panel). On the follow-up
perfusion imaging, there is a visible perfusion
deficit directly corresponding to the area of in-
complete reperfusion on the final DSA run (right
panel). (D) Preinterventional perfusion imaging
shows left-side M1 occlusion (left panel). Final DSA
run shows incomplete reperfusion (eTICI 2c, mid-
dle panel). On the follow-up perfusion imaging,
there is a visible perfusion deficit directly corre-
sponding to the area of incomplete reperfusion on
the final DSA run (right panel) DSA = digital sub-
traction angiography; eTICI = expanded Throm-
bolysis in Cerebral Infarction.
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prospective single-center cohort from Graz underwent
contrast-enhanced MR perfusion imaging as per the institu-
tion’s protocol.15 The same postprocessing software for MRI
perfusion was used in this center as in the original model
(Olea Sphere; Olea Medical, La Ciotat, France).7 All anony-
mized imaging sequences used for the analysis were trans-
ferred using a secure cloud-based server (eTable 1).
Concordance between perfusion maps postprocessed with
syngo.via andOlea Sphere was already reported in the original
model7; however, the original model did not use the RAPID
software for perfusion postprocessing. Therefore, concor-
dance of ratings for PPD vs DR on perfusion maps processed
with a different software was evaluated and reported with the
inter-rater agreement on a random patient sample (n = 60,
eFigure 1 and respective caption for methodology).

Image Analysis
Patient demographic and baseline clinical characteristics were
extracted from electronic case report forms of randomized trial
data or from prospective databases (in case of the cohort from
the Medical University Graz). To reduce the likelihood for
inconsistent readings, all imaging and interventional data were
re-evaluated centrally according to the methods outlined in the
original model.7 In short, collateral grading was performed with
the American Society of Intervention and Therapeutic Neu-
roradiology and Society of Interventional Radiology (ASITN/
SIR) Collateral Flow Grading System on pretreatment angi-
ography images, and angiographic reperfusion was graded with
the expanded TICI (eTICI) scale on the final angiography
series. Intervention-to-follow-up time was defined as the time
frame beginning with the final angiography series run and
ending with the first follow-up imaging series.

Statistical Analysis
Statistical handling of all variables is reported in eTable 2.
Categorical and continuous variables were compared between
2 groups with Fisher exact and Mann-Whitney U tests, re-
spectively. Statistical evaluation of heterogeneity of baseline
risk for PPD across the studies was performed in 2 in-
dependent steps.11,19 First, fixed-effects logistic regressions
were used to estimate study-specific risk estimates of baseline
risk for PPD. Afterward, mixed-effects logistic regression
models were used to account for the heterogeneity between
the studies by using a random intercept adjusted for clustering
at the study level. Heterogeneity is reported with the esti-
mated random-effect variance for each variable, which quan-
tifies the variance of variable-specific effect sizes across the
studies.11,19 Only cases with all available variables were in-
cluded in the final analysis. All statistical analyses were per-
formed in R statistical software (version 4.0.0).

Performance on External Data Set
All the predictors from the original model were used in the
external validation: age, sex, atrial fibrillation, device passes,
final eTICI score, and ASITN/SIR collateral score.7 Point
estimates of these predictors from the original model were
applied to the external data set, and performance is reported

with cross tables, accuracy, discrimination, calibration, and
clinical decision curves. Cross tables were calculated for dif-
ferent threshold probabilities: 0.2, 0.3, 0.33, 0.5, 0.66, 0.7, and
0.8. Discrimination refers to the model’s probability of cor-
rectly distinguishing patients with and without the primary
end point of interest (i.e., patient with and without PPD).
Discrimination was quantified with concordance statistics
(C-statistics) that varies from 0.5 (noninformative) to 1
(perfect discrimination).8-10 In case of binary outcomes,
C-statistics corresponds to the area under the receiver-
operating characteristic curve.8-10 Calibration reflects the extent
to which predicted risks align with proportions of observed
outcomes.8-10 Bootstrapped resampling (n = 1,000) was per-
formed to obtain the 95%CI for all modelmetrics. Shrinkage of
prediction uncertainty was performed by calculating prediction
intervals for the occurrence of having PPD across predefined
time thresholds after the intervention.We used precision-based
sample size analysis by Pavlou et al.20 to calculate the required
number of patients for external validation. Based on previous
reports, we assumed C-statistic = 0.8 with standard error =
0.025 and PPD prevalence = 40%.4,7,21 This led to the rec-
ommended sample size of n = 315 (including 126 event cases,
i.e., patients with PPD).

Decision Curves
Clinical decision curves are used to advise on the clinical
relevance of the model and can be quantified with net benefit
and net reduction across different threshold probabilities
(R).16-18 The unit of net benefit is true positives, which is
correctly classified PPD in the present context. A net benefit
of 0.10 means that, compared with assuming that all patients
do not have PPD, 10 true-positive patients for every 100
patients in the target population can be identified, that is,
correctly identifying 10 patients per 100, all of whom would
develop PPD if the interventionalist does not perform any
additional reperfusion efforts after observing incomplete
reperfusion at the end of an intervention. A model is con-
sidered superior to another model or scenario if the net
benefit of the former surpasses that of the latter at the pre-
defined clinically meaningful threshold probability.16-18

Net reduction is weighted with true negatives, which are the
rates of DR in the present context. A net reduction of 0.10
means 10 true-negative patients for every 100 patients in the
target population, that is, correctly identifying 10 patients per
100, all of whom would develop DR if the interventionalist
does not pursue further reperfusion attempts. In other words,
at the given probability threshold, omitting the intervention
based on the advice of the model could reduce the number of
interventions in 10 of 100 patients without missing a single
patient who would develop a PPD. In general, high net benefit
and net reduction are preferred. To calculate net benefit and
net reduction, a clinically relevant range of threshold proba-
bilities need to be defined.16-18

In the current analysis, the PROCEED model is used as a
prognostic model. Although PPD is a serious event associated
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with infarct growth, the benefit of additional reperfusion at-
tempts is somewhat unclear and could be followed by side
effects (intracranial hemorrhage, perforation, additional
thrombus formation). Owing to differences in options con-
cerning the value of additional reperfusion attempts, as well as
differences between patients and remaining occlusion pat-
terns, the threshold probability used to determine additional
reperfusion attempts may vary. This threshold will depend on
what the treating team is more concerned about: If the team is
more concerned about missing and not treating a patient with
PPD, the team would choose a low threshold. If the team is
more concerned about the risk of additional reperfusion at-
tempts and intervening on patients who will not have PPD,
the team would choose a high threshold probability.

For example, choosing a threshold of 50% would mean that
missing a PPD and falsely informing the physician not to
perform a potentially beneficial intervention is equally worse
to predicting a PPD—although the patient would have
DR—thus falsely informing the physicians to perform an
unnecessary and potentially harmful intervention. Owing to
the present lack of evidence on this topic, we evaluated the
model across a range of clinically reasonable threshold
probabilities (R = 33%–66%). For example, a threshold
probability of 33% would reflect a physician’s opinions that it
is twice as worse to miss a PPD (i.e., falsely assume no PPD
and not treat a patient who develops PPD) vs falsely pre-
dicting PPD (i.e., falsely assume PPD and treat a patient who
does not develop PPD). Vice versa, a threshold probability of
66% would reflect that it is twice as worse to false-positively
predict PPD (i.e., falsely assume PPD and treat a patient who
does not develop PPD) vs missing a true PPD (i.e., falsely
assume no PPD and not treat a patient who develops PPD).
Decision curves are presented graphically across a range of
threshold probabilities in comparison with “Assume PPD in
All,” equivalent to a “Treat All” scenario, and “Assume PPD in
None,” equivalent to a “Treat None” scenario.

Sensitivity Analysis
For sensitivity purposes, we have performed 2 separate pre-
specified analyses. In the first analysis, we have compared
performance of the PROCEED model with that of model 2.
Model 2 assumes that all patients with final reperfusion grade
eTICI2b50-67 will develop PPD and those with eTICI2c will
develop DR on follow-up perfusion imaging. Model 2 is based
on the argument that interventionalists tend to pursue addi-
tional reperfusion attempts when only 50%–89% reperfusion
of the target downstream territory is achieved, as present
guidelines state that complete reperfusion (eTICI3) should
be achieved whenever possible.1,2 Conversely, intervention-
alists might not pursue any additional device passes once 90%
of reperfusion is established because of the higher risk-to-
benefit ratio in this subgroup.22,23 Performances of model 2 is
reported with the same metrics used for the PROCEED
model. In the second sensitivity analysis, we have excluded 2
predictors from the PROCEED model (atrial fibrillation and
intervention-to-follow-up time) and compared this version of

the PROCEEDmodel (named “PROCEED 2” further below)
against model 2. The rationale for excluding atrial fibrillation
as a predictor was that it includes few patients (estimated
<20%) who had newly detected atrial fibrillation during their
acute stay—and this would happen after the intervention, that
is, this predictor would not be available at the time point when
the prediction model is meant to be used. In addition, timing
of the follow-up perfusion imaging after the intervention is
different across centers and not helpful for real-time decision
making.

Data Availability
Anonymized study data are available from the corresponding
author upon reasonable request after receipt of a research plan
and clearance by the appropriate ethics committee.

Results
We included 371 patients in the final analysis. From the ini-
tially screened cohort, 371 of 518 (72%) patients fulfilled the
inclusion criteria. Most common exclusion reasons were lack
of follow-up imaging; perfusion imaging outside of the 24 ±
12 hour window; or final eTICI score 0, 1, and 3 (eFigure 2).
Median age was 73 years (interquartile range 64–80), 52%
were male, and 38% had PPD. On average, patients with DR
were more likely to have a lower number of device passes (DR
vs PPD: 1 [1–2] vs 2 [1–3]; p < 0.001), better collateral status
(DR vs PPD: 2 [1–3] vs 1 [1–2]; p < 0.001), better final
reperfusion score (DR vs PPD for eTICI2c: 48.9% vs 15%; p <
0.001), and longer intervention-to-follow-up time (DR vs
PPD: 23 hours 16 minutes vs 21 hours 23 minutes; p < 0.001;
Table 1). There was no heterogeneity between the studies
used for the internal and external validation (eTable 3 and
eFigure 3). Inter-rater agreement for evaluating perfusion
imaging outcome on different perfusion processing software
was good (Krippendorf alpha 0.84, 95% CI 0.76–0.90 for a
random sample of 60 cases). Notably, patients with in-
complete reperfusion at the end of an intervention who ex-
perienced PPD had lower rates of good clinical outcome than
patients with DR (53.6% vs 66.7%; p = 0.016 for modified
Rankin Scale 0–2). This association was present irrespective
of the final reperfusion score (eFigure 4). Of the 371 included
patients, 11 (3%) were from EXTEND IA, 103 (28%) from
EXTEND IA TNK part 1, 153 (41%) from EXTEND IA
TNK part 2, and 104 (28%) from the University Hospital
Graz. Patient characteristics stratified across pooled studies
are presented in eTable 4.

Predictor effects were comparable between the population in
the internal and external validation. There were significant
associations between PPD, eTICI (adjusted odds ratio [aOR]
0.3, 95% CI 0.2–0.4), collateral score (aOR 0.6, 95% CI
0.4–0.8), and intervention-to-follow-up time (aOR 0.9, 95%
CI 0.8–0.9). We also found an association between PPD,
device passes (aOR 1.8, 95% CI 1.4–2.3), and age (aOR 1.02,
95% CI 1.0–1.1); however, no association was found between
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PPD and atrial fibrillation (aOR 0.8, 95% CI 0.4–1.4,
eTable 5).

Themodel had good discrimination (C-statistics 0.81, 95%CI
0.77–0.86) and adequate calibration, as seen through cali-
bration intercept 0.25 (95% CI 0.21–0.29) and slope 0.98
(95% CI 0.90–1.12, Figure 2). At a 50% threshold probability,

the model correctly classified most of the patients, with
moderate sensitivity (69%, 95% CI 60%–76%), specificity
(79%, 95% CI 73%–84%), and accuracy (75%, 95% CI
70%–79%; Figure 3). At extreme threshold probabilities, for
example, 20% or 80%, the model has high sensitivity (94%) at
the cost of low specificity (39%) or vice versa—low sensitivity
(27%) and high specificity (95%, eFigure 5).

Table 1 Population Baseline and Interventional Characteristics

Overall
Delayed
reperfusion

Persistent
perfusion deficit p Value

n 371 231 140

Age, y, median (IQR) 73 (64–80) 73 (62–80) 73 (65–80) 0.643

Sex, male, n (%) 193 (52.0) 119 (51.5) 74 (52.9) 0.886

Atrial fibrillation, yes, n (%) 124 (33.4) 81 (35.1) 43 (30.7) 0.455

Device passes, median (IQR) 2 (1–2) 1 (1–2) 2 (1–3) <0.001

ASITN/SIR collateral score, median (IQR) 2 (1–2) 2 (1–3) 1 (1–2) <0.001

eTICI, n (%) <0.001

2a 26 (7.0) 5 (2.2) 21 (15.0)

2b50 93 (25.1) 30 (13.0) 63 (45.0)

2b67 118 (31.8) 83 (35.9) 35 (25.0)

2c 134 (36.1) 113 (48.9) 21 (15.0)

Intervention-to-follow-up, h, median (IQR) 22.7 (20.1–25.0) 23.3 (20.8–25.8) 21.4 (19.1–23.3) <0.001

Abbreviations: ASITN/SIR = American Society of Intervention and Therapeutic Neuroradiology and Society of Interventional Radiology; eTICI = expanded
Treatment in Cerebral Infarction; IQR = interquartile range.

Figure 2 Calibration Plot

Calibration is usually reported with intercept and slope. Intercept compares themeans between all predicted and observed risks and informs on the value of
predictors. The slope provides information on strength of the model’s predictors. Perfect predictors align directly on the calibration line with an intercept
having a value of 0 and slope value of 1. The model had adequate calibration with intercept having a value of 0.25 (95% CI 0.21–0.29) and slope 0.98 (95% CI
0.90–1.12)
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On clinical decision curves, the PROCEEDmodel performed
better than “Assume PPD in All” scenario (corresponding to a
“Treat All” scenario) or “Assume PPD in None” scenario
(corresponding to a “Treat None” scenario) across a wide
range of threshold probabilities. Using the model at a very low
threshold probability of R <20% would provide no or only
marginal additional benefit compared with a “Assume PPD in
All”/“Treat All” scenario (see overlap of the curve “PRO-
CEED” and “Assume PPD in All” in Figure 4 top panel). At a
threshold probability of R = 50%, the model has a net benefit
of 0.13, that is, the model correctly identifies 13 of 100 pa-
tients, all of whom would develop PPD and could potentially
benefit from adjunctive reperfusion attempts, without missing
a PPD. In other words, one could identify 13–0 = 13 patients
more (of 100) with correctly predicted PPD when using the
model as opposed to the “Assume PPD in All” or “Assume
PPD in None” scenario. Improvements in net benefit can also
be seen across other threshold probabilities. For example, at R
= 40% or 70%, one could identify 17 or 7 (of 100) patients
more with correctly predicted PPD, respectively (Table 2). In
terms of standardized net reduction, using the model with the
threshold probability of R >80% would provide no or only
marginal additional information, compared with assuming
PPD in none (see overlap of the curve “PROCEED” and
“Assume PPD in None” in Figure 4 bottom panel). When
using the threshold probability of R = 50%, the model could
reduce the number of interventions in 13 of 100 patients

without missing any patient who would eventually develop a
PPD. Comparable trends in net reduction were observed
across other threshold probabilities, for example, of R = 40%
or R = 70% (Table 2).

When compared with model 2, the PROCEED model had
significantly better discrimination (0.61, 95% CI 0.56–0.65 vs
0.81, 95% CI 0.77–0.86) and calibration (calibration intercept
−0.52, 95% CI −0.91 to −0.21 vs 0.25, 95% CI 0.21–0.29).
The PROCEED model also performed better across a wide
range of threshold probabilities with higher net benefit and
net reduction than model 2 (eTable 6 and eFigure 6). Simi-
larly, PROCEED 2 had significantly better performance than
model 2 across all relevant metrics (C-statistics: 0.80, 95% CI
0.76–0.85 vs 0.61, 95% CI 0.56–0.65; calibration intercept:
0.16, 95%CI 0.02–0.50 vs −0.52, 95%CI −0.91 to −0.21) with
higher net benefit and net reduction (eTable 7 and eFigure 7).
An open-access online web tool for complementing clinical
decision making has been made available at: proceed.shi-
nyapps.io/model/.

Discussion
The PROCEED model shows good discrimination and ad-
equate calibration for prognosticating the occurrence of
PPD in a pooled international multicenter data set com-
prising 12 comprehensive thrombectomy centers across
Europe, Australia, and New Zealand. The predictors’ con-
tributions to the model for PPD were comparable between
the initial and external cohorts. Depending on the acceptable
threshold probability, this model could correctly identify
patients who are more likely to benefit from additional
reperfusion efforts and thus can be used to complement
clinical decision making.

Continuous improvements in medicine have led to an increased
number of prediction models and clinical decision support
systems.8 However, a systematic review reported that most
published prediction models suffer methodological shortcom-
ings, the most often cited one being lack of validation on an
external data set.24 Only 5% of all published prediction models
in medicine provide information on external validation.8,25 In
this analysis, we have performed an independent external vali-
dation, where the external population was assembled in a
completely separate manner from the initial cohort. Our ex-
ternal data set comprised pooled data from 3 RCTs and 1
prospective observational tertiary-level single-center cohort.12-15

Patients enrolled into RCTs have to fulfill a list of inclusion and
exclusion criteria as defined by the trial protocol. Therefore,
they represent a highly selected patient subgroup that often
differs from routinely treated stroke patients, who were used in
the original creation of the model.26,27 All 3 of these RCTs have
randomized patients in hospitals across Australia and New
Zealand, which have substantially different health care systems
than the one in Switzerland, where the initial study population
originated from.7 By contrast, the prospective cohort study of

Figure 3 Performance of the Model at the Threshold
Probability of 50%

Confusion matrix can be divided into 4 fields: true positives (upper left
corner, n = 96), false positives (lower left corner, n = 49), false negatives
(upper right corner, n = 44), and true negatives (lower right corner, n = 182).
At the bottomof each field are the columnpercentages, and on the right side
are the row percentages. DR = delayed reperfusion; PPD = persistent per-
fusion deficit.
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the Medical University Graz is reflective of real-world patients
and practices in a different health care system when compared
with that in the initial model.15 These geographic disparities,
different study time frames, and distinct methods used for pa-
tient inclusion between the internal and external cohorts offer a
strong foundation for robust validation of the model.10 Despite
RCTs’ strict inclusion criteria and difference in routinely treated
clinical patients, we did not observe substantial changes between
model’s internal and external performance. This highlights the
robustness of the model’s performance in various clinical con-
texts and the applicability of its findings across different health
care systems. Having a model externally validated on a pop-
ulation comprising RCT and real-world stroke patients might
help bridge the gap between guideline recommendations and
individualized patient approach.28

Evidence on further management of incomplete reperfusion
(<TICI3) in patients at the end of an intervention is lacking.3-5

These patients are presently being treated on an ad hoc basis at
the discretion of the operator.6 However, more than half of
<TICI3 patients will have favorable natural evolution of in-
complete reperfusion (i.e., DR) with good clinical outcome.4

We have observed the same trend in the present cohort and saw
a close association between the final eTICI score and the oc-
currence of PPD on follow-up. However, it is difficult to say
whether the patient will subsequently develop DR or PPD
when the intervention ends with incomplete reperfusion and
pursuing additional reperfusion efforts among these patients
may be unwarranted and even potentially harmful.4 Evolution
of tissue reperfusion is a complex dynamic dependent on many
factors, such as patients’ baseline status, final reperfusion score,

Figure 4 Clinical Decision Curves

(Top panel) Net benefit of the predictionmodel and “Assume PPD in All” or “Treat All” option overlap in the threshold probability range from0% to 20%. Using the
PROCEEDmodel, in this threshold probability rangewould have no added value for the classification of perfusion outcome. At a threshold probability of R = 50%,
themodelwouldhaveanetbenefit of 0.13. (Bottompanel) In comparisonwith the “AssumePPD inAll”or “AssumePPD inNone” scenario andacrossa large range
of threshold probabilities, theuse of themodel showshigher net reduction and could reduce the number of interventionsperformed. For example, at a threshold
probability of 50%, the intervention could be avoided in 13 of 100 patients without missing a single patient who would eventually develop a PPD.
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collateral status, number of device passes, to name a few.
Further management of these cases might be challenging and
potentially harmful when only one of these factors is consid-
ered (e.g., all TICI2b patients will develop PPD and, therefore,
should be treated further). In scenarios where multiple patient
characteristics ought to be considered, having a validated
prognostic model on natural evolution of incomplete reperfu-
sion could provide potentially relevant information to the
treating operator.7-9

Overall, the PROCEED model seems to perform well in an
external population with good discrimination and adequate
calibration. The model also showed high net benefit across a
wide array of clinically relevant threshold probabilities (e.g., R
= 33%–66%). Whether it is more dangerous for a PPD to be
falsely predicted as DR, than a DR being falsely predicted as
PPD, is still a matter of debate. Large heterogeneity on
threshold probabilities can be expected among treating phy-
sicians,29 particularly because evidence on the management of
secondary distal vessel occlusions is more unclear than the
treatment of primary distal vessel occlusions.3-6 Therefore, the
main results of the model are reported under the assumption
that missing a high-likelihood PPD and not performing a
potentially beneficial intervention vs falsely predicting PPD
and prompting the physicians to perform a potentially
harmful intervention are equally worse (i.e., R = 50%). A
crucial understanding on how to use and interpret the model
depends on what threshold probabilities would an operator
consider for proceeding or stopping with additional reperfu-
sion attempts after seeing incomplete reperfusion. Lower
threshold probabilities carry a risk of exposing patients to

potentially unnecessary and harmful additional reperfusion
attempts whereas with higher threshold probabilities, inter-
ventions may be omitted for patients who could likely benefit
from them. Owing to the present lack of evidence on when to
proceed or stop with additional reperfusion attempts,1,2 we
have also created model 2 and compared the performance
between the PROCEED model and model 2. Model 2 as-
sumes the decision-making process of an interventionalist
given the current guideline recommendations and reported
standards of practice, once half (TICI2b) or near-complete
(TICI2c) reperfusion has been achieved.1,2,22,23 When com-
paring the 2 models, the PROCEED model demonstrated
better performance than model 2 across all relevant metrics
for prognostic models (discrimination, calibration, decision
curves). Comparable results were shown even when excluding
predictors from the PROCEEDmodel that may not be known
at the time point of admission (e.g., new findings of atrial
fibrillation). All these additional subanalyses suggest that the
PROCEED model may offer clinically relevant information
on the management of incomplete reperfusion, given appro-
priate threshold probabilities.

This study has several limitations. Patients without perfusion
imaging on follow-up were excluded from our analysis. In the
initial study population, 508 of 914 (55%) patients underwent
follow-up perfusion imaging after endovascular therapy, and in
the EXTEND-IA, EXTEND-IA TNK parts 1 and 2 RCTs, and
Medical University of Graz, these numbers were 11 of 34
(32%), 115 of 152 (76%) and 157 of 185 (85%), and 170 of
482 (35%), respectively. Multimorbidity, worse baseline pro-
file, or sudden clinical deterioration make it less likely for a

Table 2 Net Benefit and Net Reduction of the PROCEED Model

R (%)

PROCEED vs assume PPD in all

Net benefit Advantage of PROCEED

PROCEED Treat all Treat none DNet benefita Net reduction

20 25.67385 22.16981 0 3.50404 14.01617

30 20.98575 11.66761 0 9.31814 23.18059

33 19.14551 7.01832 0 12.12719 24.52013

40 17.25067 −0.37735 0 17.25067 28.71159

50 12.93801 −2.45283 0 12.93801 12.93801

60 11.45553 −4.65691 0 11.45553 7.637017

66 7.61059 −7.79358 0 7.61059 3.920608

70 7.00809 −10.75471 0 7.00809 3.003466

80 1.88679 −21.13207 0 1.88679 0.471698

R = threshold probability. Net benefit and net reduction are given per 100 patients. Using the model in the threshold probability range of R <20% or R >80%
would provide no or only marginal additional information for the treating team because of the overlap of PROCEED with the “Assume PPD in All”/“Treat All”
and “Assume PPD in None”/“Treat None” scenarios (see Methods and Results).
a DNet benefit was calculated by subtracting net benefit of either “Treat All” or “Treat None” scenarios from the net benefit of the PROCEEDmodel, whichever
one was higher for a given threshold probability.
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patient to undergo perfusion imaging on follow-up.4,21

Therefore, rates of reported PPD should be handled cautiously
because they are likely to differ from the absolute PPD rates
among patients without follow-up perfusion imaging. Fur-
thermore, reference standard for the management of in-
complete reperfusion does not exist; therefore, performance of
this model could not be compared with an appropriate refer-
ence threshold. However, in such cases, it is recommended to
measure the performance of the model by comparing it with
the “All” and “None” scenarios.16-18 Patients in the external
data set have received tenecteplase, which might affect the rates
of DR; however, presently no data exist on the association
between tenecteplase and DR. Full performance of the model
should be further tested by upcoming RCTs that are in-
vestigating the effect of adjuvant reperfusion strategies among
patients with incomplete reperfusion, as these patients would
most likely be the target population of the model (TECNO,
NCT05499832; ALLY, NCT05172934; INSIST-TNK;
NCT04201964).

The externally validated model had adequate predictive
accuracy and discrimination. Depending on the accept-
able threshold probability, the model reasonably accu-
rately predicts persistent incomplete reperfusion and,
therefore, may advise physicians on the decision to perform
additional rescue maneuvers once incomplete reperfusion
is encountered.
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