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Abstract

Background and Purpose—Although perfusion abnormality is an increasingly important 

therapeutic target, the natural history of tissue at risk without reperfusion treatment is 

understudied. Our objective was to determine how time affects penumbral salvage and infarct 

growth in untreated acute ischemic stroke patients and whether collateral status affects this 

relationship.

Methods—We utilized a prospectively-collected, multicenter acute stroke registry to assess acute 

stroke patients who were not treated with intravenous thrombolysis or endovascular treatment. We 

analyzed baseline CT angiogram and CT perfusion within 24 hours of stroke onset along with 

follow-up imaging, and assessed time from stroke onset to baseline imaging, ASPECTS, vessel 

occlusion, collaterals, ischemic core and penumbra. Penumbral salvage and infarct growth was 
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calculated. Correlations between time and penumbral salvage and infarct growth were evaluated 

with Spearman correlation. Penumbral salvage and infarct growth were compared between 

subjects with good versus poor collateral status using the Wilcoxon rank sum test. Clinical and 

imaging factors affecting penumbral salvage and infarct growth were evaluated by linear 

regression.

Results—Among 94 untreated stroke patients eligible for this analysis, the mean age was 65, 

median NIHSS was 13, and median (range) time from stroke onset to baseline imaging was 2.9 

(0.4–23) hours. There was no correlation between time and salvaged penumbra (r= 0.06; p=0.56) 

or infarct growth (r=−0.05; p=0.61). Infarct growth was higher among those with poor collaterals 

versus good collaterals (median 52.3 vs 0.9 cc; p<0.01). Penumbral salvage was lower among 

those with poor collaterals compared to those with good collaterals (poor 0 [0, 0]; good 5.9 cc [0, 

29.4]; p<0.01). Multivariable linear regression demonstrated that collaterals, but not time, were 

significantly associated with infarct growth and penumbral salvage.

Conclusion—In this natural history study, penumbral salvage and infarct growth was less time 

dependent and more a measure of collateral flow.
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Introduction

The Stroke Imaging Research consortium described mismatch and penumbra as an 

important treatment-related acute stroke imaging target. 1 Ischemic penumbra is defined as 

hypoperfused tissue which is at risk for irreversible damage (i.e., infarction), if blood flow is 

not rapidly restored 2, 3 and can widen the treatment time window for selected patients as 

seen in recent positive endovascular trials.4, 5 It is believed that without reperfusion, 

penumbra will progress to infarction, irrespective of the timing of its assessment relative to 

stroke onset. Studies have demonstrated that penumbra can persist for long time periods of 

up to 48 hours. 6, 7 One explanation for preservation of penumbra (i.e., delayed progression 

to infarct) is the presence of robust collaterals that protect the penumbra and thereby 

increase likelihood of good clinical outcomes. 8–15 Collaterals may be the leading 

pathophysiological variable differentiating “fast progressors” from “slow progressors”, 

leading to similar infarct growths at widely varied time points.

Although perfusion imaging is increasingly being used in triage decisions after DAWN and 

DEFUSE 3 trials and the new 2018 AHA guidelines were released16, the natural history of 

the ischemic tissue’s fate (tissue at risk) and its interplay of collaterals is understudied. Very 

limited data for untreated patients are available to serve as controls for patients treated with 

reperfusion therapies in the setting of penumbra, particularly in delayed time windows. 

Understanding how time and collaterals influences the natural fate of penumbra becomes 

especially relevant in the current era where endovascular treatment is offered to patients upto 

24 hours based on core and mismatch. 4, 5 The rationale underlying our study is that it is 
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important to understand the natural fate and prognostic significance of penumbra/mismatch 

and collaterals before using them widely in clinical settings as therapeutic targets.

Our objective was to determine how time from stroke onset affects penumbral salvage and 

infarct growth in untreated acute ischemic stroke subjects within 24 hours of symptom onset 

and whether collateral status affects this relationship. We hypothesized that good collaterals 

will sustain ischemic tissue leading to greater penumbral salvage and slower infarct growth, 

irrespective of time.

Methods

Study Design and Dataset

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. This was a retrospective, multicenter study and we used data from 

prospective stroke registries at four participating institutions: the University of Virginia, 

Charlottesville, VA; the Center Hospitalier Universitaire Vaudois, Lausanne, Switzerland; 

the University of Pittsburgh Medical Center, Pittsburgh, PA and Sunnybrook Health 

Sciences Center, Toronto, Canada. All data were collected and analyzed in compliance with 

respective institutional review boards, and any identifying information was removed as per 

Health Insurance Portability and Accountability Act (HIPAA) regulations. We 

retrospectively identified all consecutive patients admitted to these institutions with 

suspected acute ischemic stroke from January 2003 to June 2011. During this time period, 

randomized evidence supported use of IV rtPA up to three hours from onset until 2008 and 

then up to 4.5 hours from onset, and for intra-arterial thrombolysis up to 6 hours in IV rtPA 

ineligible patients. Randomized evidence to support use of endovascular therapy as an 

adjunct to IV rtPA was lacking. The clinical and imaging data in this study belongs to a 

repository created from the data collected as part of the standard clinical stroke care at the 

participating institutions. The management of the patients was at the discretion of treating 

physicians. Some of the clinical variables such as blood pressure and glycemic index were 

not available in the dataset.

Subjects with acute ischemic stroke and the following inclusion criteria qualified for this 

study: (1) completion of baseline stroke workup including noncontrast head CT, CT 

angiogram (CTA) and CT perfusion (CTP) within 24 hours of symptom onset; (2) follow-up 

CTA within 24–48 hours for recanalization status; (3) follow-up CT or MRI within 5 days 

for final infarct volume; and (4) lack of reperfusion treatment (patients did not receive 

intravenous thrombolysis or endovascular treatment). We collected baseline clinical data 

including age, sex, baseline NIHSS, and time from symptom onset to imaging acquisition.

Image acquisition and analysis

The CTA and CTP imaging studies were performed on 16 and 64 slice CT scanners. The 

CTA studies included the cervical and intracranial arteries and were obtained with an 

acquisition protocol as follows: helical mode with 0.5 to 0.8 second gantry rotation; pitch of 

1 to 1.375:1; slice thickness of 0.625 to 1.25 mm; reconstruction interval of 0.5 to 1 mm; 

and acquisition parameters of 120 kVp/200 to 300 mAs. The CTP involved successive 
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gantry rotations in cine mode during intravenous administration of 1 or 2 boluses of 40 to 50 

mL of iodinated contrast material at an injection rate of 4 to 5 mL/s. The CTP acquisition 

ranged from 50 to 70 seconds, with a sampling interval of either 1 or 2 seconds, total 

coverage range of 20 to 80 mm. CTP acquisition parameters were 80 kVp and 100 to 200 

mAs.

An experienced neuroradiologist, with 10 years of experience (A.V.) and blinded to clinical 

and outcome data, analyzed all imaging. Baseline non contrast head CT imaging features 

included ASPECT score for ischemic core. We reviewed baseline CTA for site and severity 

of arterial occlusion and degree of collateral circulation. The occlusion was characterized by 

the Interventional Management of Stroke (IMS) III trial CTA scoring system for vascular 

stenosis/occlusion as following: grade 1- complete occlusion; 2- hairline lumen; 3- >50% 

stenosis; 4- <50% stenosis and 5- normal.17 Grade 1 and 2 was considered as arterial 

occlusion. Recanalization on the follow up CTA was defined as improvement in the flow to 

grade 3–5 (non-occlusive) from grade 1–2 (occlusive/near-occlusive). 17 Collateral flow was 

graded on a scale from 0 to 3 with 0 and 1 (< 50% of ischemic territory that demonstrated 

cortical pial vessels) considered poor collateral status. 18

For CT perfusion analysis, a brain tissue probability map template (Montreal Neurologic 

Institute, Montreal, Canada) was registered to the individual baseline unenhanced CT images 

using SPM8 software (Wellcome Institute), and gray matter and white matter tissue binary 

masks were generated. Both ipsilateral and contralateral regions of interest were segmented 

to gray matter and white matter using binary masks. Within ipsilateral regions of interest at 

baseline imaging, we calculated volumes of perfusion abnormality by using previously 

published thresholds for gray matter and white matter.19 Tissue with abnormal relative 

cerebral blood flow <30% was considered ischemic core and tissue with delayed time to 

maximum (Tmax >6 seconds) was used to identify penumbra. 14, 15 We calculated total 

volumes of core and penumbra by summing gray matter and white matter volumes.

We defined tissue outcome by the final infarct volume (FIV) which was delineated on follow 

up non contrast head CT or FLAIR imaging by using Medical Image Processing, Analysis 

and Visualization, Version 4.4.1 (Center for Information Technology, National Institutes of 

Health, Bethesda, Maryland). Penumbra salvage was calculated by subtracting the FIV from 

the baseline penumbral volume. Infarct growth was calculated by subtracting the baseline 

core volume from the FIV.

Statistical analysis

Correlation between time from stroke onset to imaging and penumbral salvage and between 

time and infarct growth were calculated using Spearman correlation coefficient, including all 

subjects and among a subset of subjects with ICA and/or M1 occlusions. Penumbral salvage 

and infarct growth were compared between subjects with good versus poor collateral status 

using the Wilcoxon rank sum test. Similarly, collateral scores, penumbral salvage and infarct 

growth were compared between subjects with spontaneous recanalization versus those 

without recanlization using the Wilcoxon rank sum test. Linear regression models were 

undertaken using the cube root of infarct growth and also the cube root of penumbral salvage 

as the dependent variables. The cube root transformation of infarct growth and penumbral 
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salvage volume was used to reduce right skewness with the advantage that this 

transformation can be applied to zero and the cube root of a volume has the units of a length. 

After the transformation, the variance was close to the mean for both infarct growth and 

penumbral salvage. Model assumptions were checked, violations of homoscedasticity and 

normality of the model residual errors, using residual plots and model assumptions appeared 

valid (Figures S1 and S2 in online supplement). Time from onset to baseline imaging was 

the independent variable of interest. Baseline clinical and radiologic covariates included age, 

gender, NIHSS score, recanalization, vessel occlusion, ASPECTS, dichotomized collateral 

score (good versus poor) and ordinal collateral scores (0–3). For the penumbral model, 

ischemic core volume and final infarct volume were also evaluated. Baseline NIHSS score 

was included as a potential confounder of infarct growth. As a measure of the total 

symptomatic territory of ischemia (penumbra + core infarct), it represents the total amount 

of infarct growth potential for a given patient. An alternate model without baseline NIHSS 

score as a covariate was also considered to assess the robustness of the model. Another 

alternate model adding time to final imaging was also considered.

All calculations were performed by using statistical software (SAS, version 9.4; SAS 

Institute, Cary, NC).

Results

Subject characteristics

Among 110 patients with acute ischemic stroke that fit our inclusion criteria, 16 (14.5%) 

subjects were excluded due to non-diagnostic perfusion studies. Among 94 remaining 

subjects, median age was 67 years (interquartile range (IQR) 53, 79), median NIHSS was 13 

(IQR 5, 19), and median (IQR) time from stroke onset to baseline imaging was 2.9 (1.8, 6.1) 

hours. (Table 1)

Time and tissue fate

No correlation was observed between time of imaging from stroke onset and salvaged 

penumbra (r= 0.06; p=0.57), nor between time and infarct growth (r=−0.11; p=0.29). (Figure 

1)

Collateral status and tissue fate

Of the total 94 subjects, 57 subjects (61%) had good CTA collateral status (30 with grade 2, 

27 with grade 3) and 36 (39%) had poor collateral status (10 with grade 0 and 26 with grade 

1). Infarct growth was higher among those with poor collaterals compared to those with 

good collaterals (median [interquartile range]: poor 52.3 cc [1.7, 104.2]; good 0.9 cc [0, 

16.2]; p<0.01). (Figures 2 and 3, panel A) Penumbral salvage was lower among those with 

poor collaterals compared to those with good collaterals (poor 0 [0, 0]; good 5.9 cc [0, 29.4]; 

p<0.01). (Figures 2 and 3, panel B) Additional table and figures of infarct growth and 

penumbral salvage stratified by collateral grades 0–3 are provided in the online supplement 

(Table S1, Figures S3 and S4). We did not find an interaction between collateral status and 

time in the association with infarct growth (interaction p=0.84) or penumbral salvage 

(interaction p=0.50).
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Vessel occlusion and recanalization

Of 72 subjects with single or multisegment vessel occlusions (17 intracranial ICA, 17 M1, 

11 ICA +M1, 1 ICA + M2, 4 ICA + M1 +M2, 10 M2, 11 M1 + M2, 0 ACA, 1 PCA), 61 

subjects had large vessel occlusions (intracranial ICA and/or M1). Among those with large 

vessel occlusions, the same lack of correlation between time and penumbral salvage (r=0.09; 

p=0.49) and infarct growth (r=−0.09; p=0.50) persisted.

We further compared collateral scores, penumbral salvage, and infarct growth according to 

recanalization status among 75 subjects with followup CTA imaging. Spontaneous 

recanalization was seen in 38/75 (51%). Comparing subjects with and without 

recanalization, there was no statistically significant difference in collateral scores (median 

(IQR): 1 (1, 2) vs. 2 (1, 2), p= 0.54), penumbral salvage (median (IQR): 0 (0, 19.0) vs. 0 (0, 

34.9), p=0.35), and infarct growth (median (IQR): 27.1 (0, 81.6) vs 6.1 (0, 62.8), p = 0.33).

Factors associated with infarct growth and penumbral salvage

In the individual analysis of associations with infarct growth, NIHSS, baseline vessel 

occlusion, and collateral score were associated with infarct growth, but there was no 

evidence of an association between time and infarct growth. Only the association between 

collateral score and infarct growth remained significant in the multivariable model. In the 

individual and multivariable analyses of associations with penumbra salvage, collateral score 

was associated with penumbra salvage, but there was no evidence of an association between 

time and penumbra salvage. (Table 2) Adding variable of time from baseline imaging to 

final infarct imaging in the regression model did not change these associations. (Online 

supplement, Table S2) Removing baseline NIHSS as a covariate from the model did not 

change the results. The significant association of collaterals with both infarct growth and 

penumbral salvage also persisted using an ordinal score instead of a dichotomized collateral 

grading. (Online supplement, Table 1)

Discussion

The main finding of our multicenter study of untreated acute stroke patients is that collateral 

flow strongly dictates the natural evolution of ischemic injury irrespective of the timing of 

assessment of the penumbra. Better collaterals were associated with larger penumbral 

salvage and decreased infarct growth in untreated stroke patients within 24 hours of stroke 

onset. By contrast, time from stroke onset was neither associated with penumbral salvage 

nor infarct growth. Patients with spontaneous recanalization trended towards greater 

penumbral salvage and decreased infarct growth, although did not demonstrate a statistically 

significant difference. This could be related to delayed timing of the spontaneous 

recanalization.

Our findings are consistent with the growing body of literature that collaterals are an 

important determinant of tissue outcome.20–22 In a study of proximal MCA occlusions 

receiving endovascular treatment, collaterals and reperfusion success were more important 

in determining penumbral loss than the time from onset to reperfusion.23 Poor collaterals 

also independently correlated with larger infarct growth in patients following endovascular 
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treatment.24 In a study investigating the relationship of penumbra, collaterals and their 

interaction over time within 6 hours of stroke onset, there was a divergent effect by collateral 

status suggesting that the collateral status at initial presentation may define a group with a 

different natural history.25 We did not find such an interaction and this may be related to the 

concept of ‘collateral failure’ leading to loss of penumbral tissue over time or perhaps 

sample size limitations.26 A recent study of proximal vessel occlusions in acute stroke 

patients upto 6 hours found that core volume decreased while collateral scores increased 

with time, thus demonstrating that collaterals modulate the time penumbra relationship.
4, 5, 27 The strength of our study that we have studied the natural history of evolution of 

stroke, without the confounding treatment effects of either intravenous thrombolysis or 

endovascular treatment. Another strength of our study is that we assessed the natural 

evolution over an extended time window of 24 hours, which is relevant given the new 

guidelines for endovascular treatment upto 24 hours.

It is important to note that perfusion imaging is a snapshot in time and that it does not 

capture the dynamic nature of how quickly or slowly the tissue at risk or penumbra expands 

into irreversible infarct. This pace of infarct growth is variable and depends on the 

robustness and recruitment of collaterals among other factors such as ischemic 

preconditioning, cerebral perfusion pressure, level of vessel occlusion, reperfusion and 

recanalization. It is time to refine the “Time is Brain” concept and to consider that the 

collateral clock may be more important than the time clock for individual patients.

Our study has important implications including making a strong case for further 

understanding the variations and determinants of collaterals. With DAWN and DEFUSE 3 

results, we now have proven benefit of perfusion based selection for endovascular treatment 

upto 24 hours, however the role of collaterals in patient selction is still understudied. The 

updated 2018 AHA recommendations also state that it may be reasonable to incorporate 

collateral flow status into clinical decision making to determine eligibility for mechanical 

thrombectomy, with a level B evidence.16 Although additional trials using advanced imaging 

to extend the treatment window both for intravenous and endovascular therapy are underway 

and will inform us further on optimal triage 28 we would argue that retrospective studies of 

the natural history of control, untreated patients are a quick and cost effective way to 

understand fundamental pathophysiological concepts. We need to understand how the 

natural evolution of penumbra is modified by the complex interplay of time, vessel 

occlusion, recanalization status and collateral flow. This can then further support the use of 

intravenous thrombolysis and endovascular treatment in extended time windows. The use of 

collaterals as a potential triage for treatment also has practical implications as stroke centers 

without automated perfusion softwares may not be able to use the perfusion selection criteria 

in a timely fashion and may have to rely on CTA based information including collateral 

status. 29 Better understanding of the collateral pathophysiology will also help in separating 

which patients will be slow versus fast progressors, eventually translating to newer 

neuroprotective treatments in acute stroke.30

We acknowledge several important limitations to our study, most significantly the 

retrospective design. There maybe inherent case selection bias as patients in our cohort did 

not receive any reperfusion treatment and those presenting within the therapeutic time 
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window may have had larger baseline ischemic core. Another limitation is that we utilized 

cross sectional data; obtaining multiple imaging points is challenging given the constraints 

of cost, contrast administration and radiation dose, particularly in CT based imaging. We did 

not consider additional factors determining rate of infarct growth such as hyperglycemia, 

blood pressure, head position, genetics and comorbidities which in turn may influence the 

collaterals and ischemic tolerance. Finally, our inability to show some associations may be 

due to an underpowered sample size rather than an absence of a true relationship.

Conclusion

In this multicenter cohort of untreated acute stroke patients, we found no time dependence of 

the natural tissue fate, but rather an association with collateral flow. Larger prospective 

studies are warranted to understand complex relationship of time, collaterals and tissue 

outcome that can inform future trials and could have treatment implications, particularly as 

the stroke field keeps extending the treatment time limits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Relationship of infarct growth (Panel A) and penumbral salvage (Panel B) with time
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Figure 2. 
Boxplot of collaterals and infarct growth (Panel A) and penumbral salvage (Panel B)
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Figure 3. 
Collateral clock incorporating individual subject data for infarct growth (Panel A) and 

penumbral salvage (Panel B)
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Table 1

Subject characteristics

Variables Total n = 94

Age, y, median (min-max) 67 (24–98)

Male, n (%) 42 (45%)

NIHSS, median (min-max) 13 (0–32)

ASPECTS, median (min-max) 7 (0–10)

Time from stroke onset to imaging, hours, median (min-max) 2.93 (0.37–22.75)

Core Volume, cc, median (min-max) 30.68 (0.40–172.06)

Penumbra, cc, median (min-max) 41.74 (0.45–411.79)

Final infarct volume, cc, median (min-max) 31.94 (0–253.61)

Penumbral salvage, cc median (min-max) 0 (0 – 292.69)

Infarct growth, cc median (min-max) 5.24 (0 – 189.44)

Vessel occlusion*

  ICA, n (%) 33 (35%)

  M1, n (%) 43 (46%)

  M2, n (%) 26 (28%)

  ACA, n (%) 0

  Basilar/PCA, n (%) 1 (1%)

Recanalization, n(%) 38 (40%) (n=75)

CTA Collateral Status, n (%)

  Good (2 – 3) 57 (61%)

  Poor ( 0 – 1) 36 (39%)

CTA Collateral Grade, n (%)

  3 27 (29%)

  2 30 (32%)

  1 26 (28%)

  0 10 (11%)

*
Vessel occlusion categories are not mutually exclusive.
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Table 2

Regression coefficients (with standard errors) on the individual and multivariable associations with the cube 

root infarct growth and cube root penumbra salvage

Infarct growth
Estimate (SE)

Penumbra Salvage
Estimate (SE)

Variable Individual
effect

Multivariable
effect

Individual effect Multivariable
effect

Age (per year) 0.01 (0.01) 0.001 (0.01) −0.002 (0.01) −0.004 (0.01)

Gender (female) 0.70 (0.40) 0.80 (0.44) −0.12 (0.35) −0.58 (0.41)

NIHSS 0.11 (0.02)* 0.08 (0.03)* −0.04 (0.02) −0.01 (0.03)

Recanalization 0.47 (0.45) −0.13 (0.44) −0.28 (0.42) −0.10 (0.41)

Large vessel occlusion 1.21 (0.40)* −0.03 (0.54) 0.51 (0.36) 1.32 (0.51)*

Poor collateral score (poor vs good) 1.75 (0.37)* 1.29 (0.48)* −1.10 (0.34)* −1.74 (0.45)*

Time from onset to baseline imaging −0.07 (0.04) −0.01 (0.05) 0.01 (0.04) −0.02 (0.05)

*
p-value <0.05
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