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Impact of Collaterals on Successful Revascularization in
Solitaire FR With the Intention for Thrombectomy

David S. Liebeskind, MD, Reza Jahan, MD, Raul G. Nogueira, MD, Osama O. Zaidat, MD,
and Jeffrey L. Saver, MD for the SWIFT Investigators
UCLA Stroke Center (D.S.L., R.J., J.L.S.); Emory University School of Medicine, Atlanta, GA
(R.G.N.); and Medical College of Wisconsin, Froedtert Hospital, Milwaukee (O.O.Z.)

Abstract

Background and Purpose—Collaterals at angiography before endovascular therapy were

analyzed to ascertain the effect on a novel end point of successful revascularization without

symptomatic hemorrhage in the Solitaire FR With the Intention for Thrombectomy (SWIFT)

study.

Methods—Collateral grade (American Society of Interventional and Therapeutic

Neuroradiology/Society of Interventional Radiology) on baseline angiography was independently

assessed, blind to other data, with statistical analyses delineating the relationship with clinical,

laboratory, and imaging parameters.

Results—Angiographic data on collaterals were available in 119 of 144 subjects (mean age,

67±12 years; 52% woman; median National Institutes of Health Stroke Scale, 18 [range, 8–28]).

Worse collaterals were noted in subjects with elevated baseline blood glucose (P=0.013) and those

with elevated baseline systolic blood pressure (P=0.039). Multivariate predictors of partial or

worse collaterals included absence of prior hypertension (odds ratio, 4.049, P=0.012), smoking

history (odds ratio, 3.822; P=0.013), and higher blood glucose (odds ratio, 1.017; P=0.022).

Collaterals were strongly related to Alberta Stroke Program Early CT Score (ASPECTS) at

baseline (0–1: median 8 [3–10]; 2–9 [5–10]; 3–9 [7–10]; 4–9 [8–10]; P<0.001) and 24 hours (0–1:

median 1 [0–5]; 2–6 [0–10]; 3–8 [0–10]; 4–8 [4–8]; P<0.001). Better collaterals were linked with

Thrombolysis in Cerebral Infarction 2b/3 reperfusion (P=0.019), better median National Institutes

of Health Stroke Scale at day 7/discharge (P<0.001), and better day 90 modified Rankin Scale

(P<0.001). Better collateral grade was associated with successful revascularization without
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symptomatic hemorrhage, mean 2.3 (95% confidence interval, 2.1–2.5) versus 1.9 (95%

confidence interval, 1.7–2.2), P=0.021.

Conclusions—Better collaterals were associated with lower glucose, lower blood pressure,

smaller baseline infarcts in SWIFT, and greater likelihood of successful revascularization without

hemorrhage and good clinical outcomes.

Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier:

NCT01054560.
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The extent of collateral perfusion is a potent determinant of recanalization and tissue fate

after endovascular therapy for acute ischemic stroke.1 Collaterals at angiography have been

associated with more extensive reperfusion, smaller infarcts, and less hemorrhagic

transformation.2,3 Collateral circulation balances the hemodynamic impairment caused by

arterial obstruction, yet the extent of collateral perfusion may vary considerably across

individuals.4 Systematic evaluation of collaterals has revealed potential associations with

age and medical comorbidities, yet prediction of collateral grade based on such clinical

factors alone without definitive imaging may not be possible.5,6 Collateral grade may be

routinely assessed at angiography before endovascular therapy, potentially enhancing

prediction of subsequent revascularization and clinical outcomes.7 Prior analyses of

collaterals, however, have demonstrated an association with recanalization after

thrombolysis and mechanical thrombectomy with early generation devices, yet it remains

unknown whether collaterals affect revascularization outcomes with stentriever

technology.2,3,8,9 These devices have exhibited markedly increased recanalization rates,

potentially reversing the effect of collaterals on recanalization.10,11 Collaterals may

distinctly alter reperfusion without symptomatic hemorrhagic transformation, a

physiological and clinically relevant end point recently used to define successful

revascularization with stentriever devices.

We analyzed angiographic collateral grade before endovascular therapy in the Solitaire FR

With the Intention for Thrombectomy (SWIFT) study to ascertain the potential effect of

collaterals on the novel end point of successful revascularization without symptomatic

hemorrhage, a metric of unqualified success with stentriever use.11

Methods

The SWIFT study was a randomized safety and efficacy study comparing use of the Merci

device with the solitaire FR stentriever for arterial recanalization without hemorrhagic

transformation in the setting of acute ischemic stroke.11 Detailed methods and results of this

study have been previously published.11,12 In brief, patients were randomized to mechanical

thrombectomy with Merci or solitaire FR within 8 hours of symptom onset after baseline

imaging that excluded the presence of hemorrhage. No imaging or angiographic criteria

were used to identify potential study candidates other than absence of extensive ischemia.
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Collateral grade was not prespecified or collected as part of the core laboratory adjudication

process.

Post hoc evaluation of collateral grade on baseline angiography was conducted in our study,

using the angiography archive established by the core laboratory. Two experienced readers,

including a neuroradiologist and vascular neurologist with stroke imaging expertise,

reviewed baseline angiography in all subjects enrolled in SWIFT, scored by consensus of

the 2 readers. All diagnostic runs were evaluated for the presence of adequate information

on collateral circulation with respect to the arterial occlusive lesion. Because cerebral

angiograms documenting collaterals were not mandated as part of trial protocol, variability

was noted from case to case in the completeness of such information. Collateral grades

before endovascular treatment were assessed with the American Society of Interventional

and Therapeutic Neuroradiology/Society of Interventional Radiology scale on angiography,

blind to all other data.7 The American Society of Interventional and Therapeutic

Neuroradiology/Society of Interventional Radiology grading system is a 5-point scale: with

0=no collaterals visible to the ischemic site, 1=slow collaterals to the periphery of the

ischemic site with persistence of some of the defect, 2=rapid collaterals to the periphery of

the ischemic site with persistence of some of the defect and to only a portion of the ischemic

territory, 3=collaterals with slow but complete angiographic blood flow of the ischemic bed

by late venous phase, and 4=complete and rapid collateral blood flow to the vascular bed in

the entire ischemic territory by retrograde perfusion. Use of this grading system and scale

metrics has been previously reported.13 Cases with insufficient information on collateral

status before treatment were excluded from subsequent analyses. These 2 readers also

evaluated angiographic measures of recanalization and reperfusion. Recanalization of the

arterial occlusive lesion was scored with the arterial occlusive lesion (AOL) score.13

Reperfusion of the corresponding arterial territory was scored with the Thrombolysis in

Cerebral Infarction (TICI) scale, using 2/3 as the threshold for achieving reperfusion grade

2b or higher.7 Angiographic measures of collaterals, AOL recanalization, and TICI

reperfusion were independently determined with disagreements resolved by consensus, blind

to all other trial data. Alberta Stroke Program Early CT Score (ASPECTS) was scored on

the computed tomography or MRI acquired immediately before treatment and on the

required 24-hour imaging as previously reported.14

Statistical analyses were conducted by the SWIFT statisticians using clinical variables

obtained from the main data set with angiography measures of collateral, AOL, and TICI

scores obtained as part of this post hoc study. Clinical outcomes considered were

symptomatic intracranial hemorrhage and functional independence at 90 days, defined as a

modified Rankin Scale of 0, 1, or 2. Collateral score was treated as a categorical variable.

Association of collateral grade with baseline characteristics and vascular and clinical

outcomes was assessed via Fisher exact test for categorical variables and Kruskal–Wallis

test for continuous variables. Baseline characteristics included comorbid conditions,

demographics, and location and severity of stroke. Vascular outcomes were angiographic

recanalization, defined as AOL score of 2 or 3, and angiographic reperfusion, defined as

TICI of 2b or 3. Logistic regression was used to model outcome as a function of collateral

grade and covariates selected using backward selection methodology. Baseline variables
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potentially associated with outcome (P<0.2) were considered for inclusion in the model. A

significance level of P<0.05 was used to identify significant predictors of clinical outcomes,

and odds ratios and 95% confidence intervals were estimated for each collateral grade.

Results

Angiographic data on collaterals were available in 119 of 144 subjects (mean age, 67±12

years; 52% woman; median National Institutes of Health Stroke Scale (NIHSS), 18 [range,

8–28]). Information on collaterals was not provided in 17 of 40 (42.5%) of internal carotid

artery occlusions, 4 of 83 (4.8%) of proximal middle cerebral artery or M1 occlusions, and 4

of 4 (100%) of posterior circulation occlusions. Insufficient collateral data in these cases

were because of omission of injections of potential collateral routes or limited temporal

information without filming of late venous phase images. Collateral grade was 0 to 1 (none

or marginal) in 32 (27%), 2 (partial) in 48 (40%), 3 (complete but delayed) in 35 (29%), and

4 (complete and early) in 4 (3%). Figure 1 reveals this diverse spectrum of collateral grades

noted in SWIFT.

Collateral grade or vigor was unrelated to age or sex of the subject. Elevated baseline blood

glucose was noted with worse collaterals (P=0.013), with marginal or no collaterals (grade

0–1) revealing mean 154±65 mg/dL, partial collaterals (grade 2), mean 140±75 mg/dL; slow

but complete collaterals (grade 3), mean 124±33 mg/dL; and complete, rapid collaterals

(grade 4), mean 99±10 mg/dL. Similarly, elevated baseline systolic blood pressure was also

associated with worse collaterals (P=0.039), marginal or no collaterals (grade 0–1) revealing

mean 149±24 mm Hg, partial collaterals (grade 2) mean 137±23 mm Hg, slow but complete

collaterals (grade 3) mean 137±24 mm Hg, and complete, rapid collaterals (grade 4) mean

138±10 mm Hg. Multivariate predictors of partial or worse collaterals included absence of

prior hypertension (odds ratio, 4.049; P=0.012), smoking history (odds ratio, 3.822;

P=0.013), and higher blood glucose (odds ratio, 1.017; P=0.022). Table I in the online-only

Data Supplement illustrates the relationship of all variables with good clinical outcome in

univariate and multivariate analyses. Subset analyses about the effect of collaterals were

performed based on treatment modality and arterial occlusion site, with details in Table II in

the online-only Data Supplement (Solitaire), Table III in the online-only Data Supplement

(Merci), and Table IV in the online-only Data Supplement (middle cerebral artery

occlusion).

ASPECTS were evaluated at baseline in all 119 SWIFT subjects with collateral data and at

24 hours in 118 of 119 (99%) subjects. Because lower ASPECTS may indicate greater

extent or severity of ischemia and worse collaterals, we analyzed ASPECTS at baseline with

angiographic collateral grade. Collaterals were strongly related to ASPECTS at baseline (0–

1: median 8 [3–10]; 2–9 [5–10]; 3–9 [7–10]; 4–9 [8–10]; P<0.001). Because the extent of

collaterals at angiography may also indicate potential tissue fate, we analyzed collateral

grade with 24-hour ASPECTS. Collaterals were strongly related to ASPECTS at 24 hours

(0–1: median 1 [0–5]; 2–6 [0–10]; 3–8 [0–10]; 4–8 [4–8]; P<0.001). Figure 2 reveals an

example where robust collaterals are associated with limited ischemic injury and another

case where poor collaterals are linked with tissue fate of extensive infarction. Partial or

worse collaterals were also associated with symptomatic hemorrhage (P=0.075).
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The relationship of collaterals with revascularization, including AOL recanalization and

TICI reperfusion, revealed an interesting divergence. Failed recanalization (AOL, 0–1) with

no downstream flow occurred in 7 subjects with grade 0 to 1 collaterals, 8 with grade 2, 1

with grade 3, and 0 with grade 4 collaterals. The extent of AOL recanalization, however,

varied considerably, with the full spectrum of AOL recanalization demonstrated even in

those with no or marginal collaterals (grade 0–1). Better collaterals were closely linked with

TICI 2b/3 reperfusion (P=0.019).

Collaterals were strongly associated with clinical outcomes in SWIFT, including better

median NIHSS at day 7/discharge (P<0.001) and better day 90 modified Rankin Scale

(P<0.001). Using the combined definition of successful revascularization without

symptomatic hemorrhage, better collaterals were an important indicator of subsequent

outcomes, with mean collateral grade 2.3 (95% confidence interval, 2.1–2.5) versus 1.9

(95% confidence interval, 1.7–2.2), P=0.021. Figure 3 shows examples including poor

collaterals associated with hemorrhagic transformation after recanalization and another case

where robust collaterals were associated with full reperfusion without hemorrhage.

Discussion

Collaterals were a pivotal factor in the revascularization and clinical outcomes of subjects

enrolled in the SWIFT study, reinforcing the growing literature on collateral perfusion as a

key variable in acute ischemic stroke.15,16 Collateral grade could be scored in the majority

of SWIFT cases based solely on routine angiography acquired before endovascular therapy,

despite lack of a formal protocol to acquire such information. In almost all middle cerebral

artery occlusions, collaterals within the territory and from the ipsilateral anterior and

posterior cerebral arteries could be demonstrated, except in cases where acquisition failed to

include late venous phase images. In contrast, routine angiography runs of collaterals were

available in only half of internal carotid artery occlusions and none of posterior circulation

occlusions, where selective injections of contralateral or additional vessels are required. Our

findings on the effect of collaterals suggest that acquiring such information on collaterals

from selective injections or even noninvasive techniques before endovascular therapy may

be important. The distribution of collateral grade in SWIFT, an endovascular therapy trial

during the earliest stages of ischemia, reveals a relatively balanced mixture between those

with none or poor collaterals, partial collaterals, and those with complete collateral filling of

the territory. This finding underscores the marked heterogeneity of stroke pathophysiology

across individuals, despite use of straightforward selection criteria.17

Our findings that link poor collateral flow with elevated blood glucose or hyperglycemia and

elevated systolic blood pressure provide novel perspective on these routine parameters

acquired in acute stroke that have been linked with worse outcomes.18,19 A graded

association of lower blood glucose and blood pressure values was noted with better

collateral flow, yet the relationship was largely driven by the acute hyperglycemia and

hypertension noted in cases with poor collaterals. These findings warrant further

investigation and suggest that acute hyperglycemia and hypertension in acute ischemic

stroke may be indirect markers of poor collaterals, portending more extensive ischemia and

worse outcomes after intervention. Interestingly, we did not find an association of collateral
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grade with demographic variables, yet the absence of prior hypertension and smoking

history was strongly linked with poor collateral flow. Absence of prior hypertension and

elevated blood pressure in acute stroke may, therefore, be a particularly informative

surrogate of poor collateral flow. Smoking history has been previously associated with the

degree of collateral sufficiency in coronary and peripheral ischemia, including the presence

of more developed collaterals, with functionally limited perfusion of the territory.20

The link between the overall degree of collateral flow with ASPECTS suggests that this

rapid algorithm on baseline imaging may grossly distinguish marked differences in collateral

grade. The relatively marginal differences in median ASPECTS values for each category of

collateral grade, however, suggest that this scale may not discern subtle differences in

collaterals and that alternative noninvasive imaging approaches may be warranted for

selection of optimal acute stroke therapy candidates.21–23 Collateral grade was linked with

ASPECTS scores on 24-hour imaging obtained after endovascular therapy, indicating that

the extent of ischemic injury may also be because of variation in collaterals at presentation.

Hemorrhagic transformation was related to the presence of partial or worse collaterals,

confirming prior studies.3

Revascularization after endovascular therapy, including both recanalization and reperfusion,

was related to the degree of collaterals. AOL recanalization varied widely, even when poor

collateral flow was noted at baseline. Successful reperfusion, exceeding two thirds of the

ischemic territory, was highly associated with the collateral grade. These findings imply that

the technical success of opening an artery with endovascular therapy may be possible even

when poor collaterals are present, yet the extent of downstream reperfusion may be driven

by the degree of collaterals.

Most importantly, the clinical outcomes after endovascular therapy in SWIFT were strongly

tied to baseline collaterals, readily available from angiography before intervention. Early

measures of neurological impairment, subsequent disability, and the novel metric of

successful revascularization without symptomatic hemorrhage pioneered in SWIFT were all

driven by collateral grade, demonstrated to vary considerably across individuals. These

decisive results from a recent endovascular study using current stentriever device technology

highlight the importance of ascertaining the degree of collaterals before treatment, although

randomized studies are warranted to validate the role of collaterals in a prospective fashion.

Although such information may be easily obtained from angiography as evidenced in our

study, noninvasive multimodal imaging that includes, but extends beyond, ASPECTS may

be used in the future to select patients for endovascular therapy optimally.22,23

Limitations of our retrospective study include the potential omission of critical variables

from the data set that may be informative about collateral flow and the relationship with

other clinical and imaging parameters. In addition, post hoc evaluation of collaterals was

limited by the availability of angiography data, including dedicated injection of potential

collateral routes, image quality, and temporal resolution. Specifically, the lack of

contralateral injections in internal carotid artery occlusions and anterior circulation runs in

posterior circulation cases substantially limited our ability to comment further on these

common arterial lesions treated with endovascular therapy. Although consensus readings by
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2 experienced angiography readers were used, inherent defects of the ASITN/SIR scale may

preclude further discrimination in collateral grade and inter-rater reliability was not

determined. Furthermore, bias may have been introduced by the same expert reviewers

determining both collateral grade and revascularization, although a prespecified protocol

dictated baseline collateral adjudication followed by revascularization determination. The

retrospective nature of our study is also clearly influenced by any potential selection biases.

Conclusions

The degree of collateral circulation varied markedly across subjects in the SWIFT study,

readily discernible from routine angiography acquired before endovascular therapy. Poor

collaterals were linked with acute hyperglycemia and hypertension, known markers of poor

outcomes in acute stroke, establishing an important pathophysiologic tie between these

routine parameters and collateral flow. Collaterals demonstrated a profound effect on

successful revascularization without hemorrhage and myriad clinical outcomes after

endovascular therapy.
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Figure 1.
Examples of the broad distribution of American Society of Interventional and Therapeutic

Neuroradiology/Society of Interventional Radiology collateral grades noted in Solitaire FR

With the Intention for Thrombectomy. Angiographic collaterals are demonstrated in 5

different cases: revealing grade 0 or no collaterals in right MCA occlusion, marginal or

grade 1 collaterals in left MCA occlusion, grade 2 or partial collaterals in left MCA

occlusion, grade 3 or slow but complete collaterals in right middle cerebral artery (MCA)

occlusion, and grade 4 or rapid and complete collaterals in right MCA occlusion. ARCH

indicates aortic arch injection; and LICA, left internal carotid artery.
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Figure 2.
Alberta Stroke Program Early CT Score (ASPECTS) and collateral grade correlation in case

examples. In right middle cerebral artery occlusion, preserved ASPECTS (A) is associated

with robust or grade 4 collaterals (B). In a left middle cerebral artery occlusion, decreased

ASPECTS (C) is associated with marginal or grade 1 collaterals (D). LCCA indicates left

common carotid artery; and RCCA, right common carotid artery.
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Figure 3.
Poor collaterals in a case of left middle cerebral artery occlusion (A) is followed by

extensive ischemia and hemorrhagic transformation (B) after recanalization with marginal

reperfusion. In another case of left middle cerebral artery occlusion, robust collaterals (C) is

followed by complete or Thrombolysis in Cerebral Infarction 3 reperfusion (D) and good

clinical outcome. LCCA indicates left common carotid artery.
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