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ABSTRACT

Background: Trials of IV recombinant tissue plasminogen activator (rt-PA) have demonstrated
that longer times from ischemic stroke symptom onset to initiation of treatment are associated
with progressively lower likelihoods of clinical benefit, and likely no benefit beyond 4.5 hours.
How the timing of IV rt-PA initiation relates to timing of restoration of blood flow has been unclear.
An understanding of the relationship between timing of angiographic reperfusion and clinical out-
come is needed to establish time parameters for intraarterial (IA) therapies.

Methods: The Interventional Management of Stroke pilot trials tested combined IV/IA therapy for
moderate-to-severe ischemic strokes within 3 hours from symptom onset. To isolate the effect of
time to angiographic reperfusion on clinical outcome, we analyzed only middle cerebral artery and
distal internal carotid artery occlusions with successful reperfusion (Thrombolysis in Cerebral
Infarction 2–3) during the interventional procedure (�7 hours). Time to angiographic reperfusion
was defined as time from stroke onset to procedure termination. Good clinical outcome was de-
fined as modified Rankin Score 0–2 at 3 months.

Results: Among the 54 cases, only time to angiographic reperfusion and age independently pre-
dicted good clinical outcome after angiographic reperfusion. The probability of good clinical out-
come decreased as time to angiographic reperfusion increased (unadjusted p � 0.02, adjusted
p � 0.01) and approached that of cases without angiographic reperfusion within 7 hours.

Conclusions: We provide evidence that good clinical outcome following angiographically success-
ful reperfusion is significantly time-dependent. At later times, angiographic reperfusion may
be associated with a poor risk– benefit ratio in unselected patients. Neurology® 2009;73:

1066 –1072

GLOSSARY
CI � confidence interval; IA � intraarterial; ICA � internal carotid artery; IMS � Interventional Management of Stroke; mRS �
modified Rankin Score; NIHSS � NIH Stroke Scale score; rt-PA � recombinant tissue plasminogen activator; sICH � symp-
tomatic intracranial hemorrhage; TCD � transcranial Doppler; TICI � Thrombolysis in Cerebral Infarction.

The definitive National Institute of Neurological Disorders and Stroke IV recombinant tissue
plasminogen activator (rt-PA) trials and a pooling of major randomized stroke trials of IV rt-PA
have demonstrated that longer times from ischemic stroke onset to initiation of IV thrombol-
ysis with rt-PA are associated with lower likelihoods of good clinical outcomes.1-3 More re-
cently, results from the ECASS III randomized trial of IV rt-PA at 3 to 4.5 hours and the
SITS-MOST registry of IV rt-PA treatment up to 6 hours from stroke onset reinforced the
finding that later treatment is associated with less absolute benefit.4,5 However, how the timing
of initiation of IV rt-PA administration relates to timing of actual restoration of blood flow has
been unclear.

An understanding of how the time interval from symptom onset to actual angiographic
reperfusion influences clinical outcome is critical to clinical decision-making in the setting of
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intraarterial (IA) revascularization therapies.
Newly developed IA approaches to intracra-
nial revascularization, consisting of catheter-
guided thrombus removal or dissolution with
lytics, offer the potential of restoring blood
flow more quickly and effectively than IV
thrombolysis, the only Food and Drug Ad-
ministration–approved therapy for acute isch-
emic stroke.6-10 However, restoring blood
flow to irreversibly damaged brain may risk
hemorrhagic transformation and procedural
complications, without benefit.11-14 This is es-
pecially relevant as recent nonrandomized tri-
als of IA revascularization devices, leading to
their 510(k) Food and Drug Administration
approval for clot removal, set a precedent for
extending the time window for initiation of
endovascular treatment to as much as 8 hours
from symptom onset, with the achievement of
angiographic reperfusion at 1 to 2 hours from
procedure onset typically.9,15-17

Therefore, we sought to determine how
time from stroke onset to technically suc-
cessful angiographic reperfusion influenced
clinical outcome within the Interventional
Management of Stroke (IMS) Phase I and II
trials.

METHODS The IMS I and II trials were NIH/National Insti-
tute of Neurological Disorders and Stroke–funded open-label,
single-arm, pilot trials designed to assess the safety of combined
IV/IA therapy, consisting of low-dose IV rt-PA (0.6 mg/kg)
started within 3 hours from stroke symptom onset, followed by
IA rt-PA (up to 22 mg) delivered via microcatheter for up to 7
hours from symptom onset, for patients with large ischemic
strokes (NIH Stroke Scale score [NIHSS] �10). In the IMS II
trial, IA rt-PA was infused in the context of low-energy ultra-
sound via the EKOS MicroLysus® Catheter whenever possible.
To limit variability and thereby isolate only the effect of time to
technically successful angiographic reperfusion, we selected the
subset of cases with angiographic middle cerebral artery (M1 and
M2) or distal internal carotid artery (ICA-T) occlusions on base-
line angiogram. Specifically, because lesion location influences
clinical outcomes, we wanted to analyze a fairly homogeneous
group of lesion locations; this would provide more precision for
testing our hypothesis. Seven cases with continued intervention
beyond 7 hours (a protocol violation in the trial) were prespeci-
fied to be excluded in this analysis, both because this time point
would have few data points and because the outcomes could be
confounded by other unmeasured factors leading to the decision
to violate the protocol.

Technically successful angiographic reperfusion was defined
as partial or complete restoration of blood flow to the arterial bed
of the occluded artery achieved during the interventional proce-
dure, which was measured as Thrombolysis in Cerebral Infarc-
tion (TICI) grade 2–3 angiographic reperfusion (table 1).18 The

time to angiographic reperfusion was defined as time from stroke
onset to procedure termination (minutes). This was expected to
be a reasonable definition since angiographic assessments were
encouraged after successive 15-minute infusions of IA rt-PA, and
termination of the angiographic procedure was recommended
based on achievement of TICI 3 flow. We chose to examine
angiographic reperfusion (successful restoration of blood flow to
the occluded artery and all its visualized distal arterial branches)
as the revascularization endpoint, as opposed to recanalization
(the restoration of blood flow only at the site of occlusion) as is
seen in TCD studies because restoration of flow to the distal
vasculature may have a greater influence on the possibility of
regaining full neurologic function.19

Good clinical outcome was defined as modified Rankin
Score (mRS) 0–2 at 3 months, an established primary clinical
endpoint in acute ischemic stroke trials that measures functional
disability.6,9,20 These scores were collected systematically as part
of the prospective IMS I and II trials.

We prespecified the following variables as potential predic-
tors of clinical outcome to be considered for adjustment: age
(year), baseline NIHSS score, sex, and baseline glucose.3,21-26 Lo-
gistic regression was used for multivariable modeling, with step-
wise methodology used for variable selection. Goodness of fit
was assessed via the Hosmer and Lemeshow test.

Additional exploratory analyses included testing whether
symptomatic intracranial hemorrhage (sICH) was associated
with later angiographic reperfusion, and testing whether time to
technically successful angiographic reperfusion was associated
with CT infarct volume. Infarct volumes on 24-hour CT scans
were digitally measured using Cheshire 4.4.8 Image analysis
software.

RESULTS Among 161 cases enrolled in the IMS I
and II trials, 117 subjects were taken to IA therapy.
Ninety-eight of these cases had ICA-T or MCA (M1
or M2) occlusions, and 7 were excluded due to reper-
fusion at greater than 7 hours as discussed in Meth-
ods. Of the remaining 91 subjects with ICA-T or
MCA arterial occlusions at the start of the angio-
graphic procedure, 54 cases (59.3%) had technically
successful angiographic reperfusion (TICI 2–3) in-
cluding 6 cases with complete (TICI 3) reperfusion.
These 54 cases consisted of 8 ICA-T and 46 MCA
(30 M1 and 16 M2) occlusions. Six cases achieved
TICI 3 angiographic reperfusion. Angiographic
reperfusion times ranged from 208 to 395 minutes,
as measured by the end of the angiographic proce-
dure. Median baseline NIHSS scores were 18 (range

Table 1 Thrombolysis in Cerebral
Infarction grade

Grade Description

0 No angiographic reperfusion

1 Angiographic reperfusion past initial
obstruction, but limited distal branch filling
with little/slow distal perfusion

2a/2b Partial angiographic reperfusion of the
arterial distribution of the occluded artery

3 Full angiographic reperfusion with
filling of all distal branches
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10–28) for these 54 cases, compared to 21 (range
10–27) for the 38 cases without angiographic reper-
fusion (TICI 0–1; p � 0.15). Median age was 65
(range 20–80) for these 54 cases, compared to 63
(range 36–78) for those without angiographic reper-
fusion (p � 0.38). Good clinical outcomes (mRS
0–2) were seen in 29 of 54 angiographic reperfusion
cases (53.7%), compared to 8 of 37 nonreperfusion
cases (21.6%).

In univariate analysis, as time to angiographic
reperfusion (in minutes) increased, the probability of
a good clinical outcome decreased (OR 0.985, 95%
confidence interval [CI] 0.973–0.998), as shown in
figure 1. Using 30-minute time intervals (instead of
minutes), the magnitude of the OR was 0.641 (95%
CI 0.423–0.922). Also, in univariate analysis, as age
(by year) increased, the probability of a good clinical
outcome trended toward being decreased (OR

0.958, 95% CI 0.918–1.001). See table 2 for com-
plete univariate analyses. With stepwise regression
modeling considering each potential covariate, as
both time to technically successful angiographic
reperfusion (OR 0.982; 95% 0.969–0.996) and age
(OR 0.945; 95% CI 0.899–0.993) increased, prob-
abilities of good clinical outcome were significantly
decreased in the final multivariable model. Goodness
of fit was confirmed by formal testing. Thus, both
unadjusted (p � 0.024) and adjusted (p � 0.012)
analyses showed that the probability of good clinical
outcome decreased as time to angiographic reperfu-
sion increased.

After obtaining this primary analysis result, we
explored the relationship of time to angiographic
reperfusion and clinical outcome further. We consid-
ered an alternate definition of good clinical outcome,
mRS 0–1 (rather than 0–2), and showed an associa-
tion (OR 0.98; 95% CI 0.968–0.995; p � 0.008).
In addition, in an effort to validate our findings, sur-
vival methods were applied to the combined cohort
of subjects who achieved successful reperfusion and
those who did not, as shown in figure 2. Subjects
who did not achieve technically successful angio-
graphic reperfusion (TICI 2–3) were considered cen-
sored at the termination of the procedure. The
corresponding log-rank test indicates that there is a
significant difference between subjects with good
clinical outcome (mRS 0–2) and those with a poor
outcome (mRS �2) in the distribution of the time to
reperfusion (p � 0.0002; figure 3). Of note, separate
analysis of only complete reperfusion (TICI 3) cases
could not be performed due to the small number of
these cases (n � 6).

Time to angiographic reperfusion did not show a
significant association with stroke lesion volume on
24-hour CT infarct scan in univariate analysis (p �
0.59), and neither did potential covariates of age,

Figure 1 Probability of good clinical outcome over time to technically
successful angiographic reperfusion

The graph above shows the probability of a good clinical outcome over time (with 95%
confidence bands) for cases with angiographic reperfusion as predicted by unadjusted lo-
gistic regression (p � 0.02). In addition, a horizontal line depicting the rate of good clinical
outcome for all cases with ICA-T and MCA occlusions on angiogram that did not show sig-
nificant angiographic reperfusion is provided as a reference.

Table 2 Univariate analysis: Factors associated
with good clinical outcome (p < 0.10)

OR

95%
Confidence
interval p Value

�TAngiographic reperfusion,
min

0.985 0.973, 0.998 0.02

Age, y 0.958 0.918, 1.001 0.05

Sex, F vs M 0.488 0.160, 1.481 0.21

Baseline NIH
Stroke Scale score

0.939 0.836, 1.054 0.28

Glucose, mg/dL 0.997 0.987, 1.008 0.59

Figure 2 Histogram of reperfusion times
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baseline glucose level, and baseline NIHSS score
(p � 0.15). However, CT infarct volumes were sig-
nificantly larger in cases with poor clinical outcome
(mRS � 2) compared those with good clinical out-
come (mRS 0–2) using the Wilcoxon 2-sample test
(median 82.3 vs 18.3 mL; p � 0.003).

Among the 54 ICA-T or MCA cases with success-
ful angiographic reperfusion, 7 cases had sICH, and
all of those had a poor clinical outcome. Median time
to angiographic reperfusion was 332 minutes among
sICH cases and 311 minutes among non-SICH cases
(p � 0.32). Thus, no relationship between time to
angiographic reperfusion and sICH was demon-
strated in this sample.

DISCUSSION We provide clinical trial evidence
that good clinical outcome following technically suc-
cessful angiographic reperfusion is time-dependent.
For example, achieving reperfusion at 310 minutes,
compared to 280 minutes, corresponds to a 10.6%
decrease in the probability of a good outcome. This is
the same magnitude as the planned effect size of the
ongoing IMS III trial, which is comparing standard
IV rt-PA to the combined IV/IA approach. The
probability of a good clinical outcome progressively
declined with time from stroke symptom onset, and
approached the same probability of good clinical

outcome as those without angiographic reperfusion
within 7 hours in this combined IV/IA cohort.

IV rt-PA stroke trials have reliably shown that
event-to-needle time for IV therapy affects clinical
outcome. This has made it possible to establish a
generally accepted time window, beyond which initi-
ation of treatment is considered futile, or even
harmful. However, we have not had a detailed under-
standing of how this relates to the timing of the actual
restoration of blood flow. IA therapy entails more direct
removal of the clot, making it difficult to translate the
IV window to an equivalent window for IA treatment.
Our findings suggest that the practice of IA therapy at
later times may be of limited benefit while introducing
procedural risk.

Prior human studies have addressed vessel pa-
tency in a limited manner. Transcranial Doppler
(TCD) studies of IV thrombolysis have typically
measured recanalization at a single time point and
have supported the importance of achieving recanali-
zation, showing better clinical outcomes among
those with recanalization compared to those without
recanalization.27-30 Studies with 2 time points within
6 hours from stroke onset failed to show that earlier
time to recanalization was associated with better out-
come, but may have lacked statistical power and were
unable to assess the status of the distal vascula-
ture.27,28 One TCD study assessed recanalization
continuously through 6 hours after IV tPA but, for
the purpose of analysis, considered cases without re-
canalization during observation as having recanalized
at 6 hours, thereby not isolating the role of time (per-
sonal communication, A. Alexandrov, 2007).29

Angiographic studies of this topic have been lim-
ited by study design and sample size.6,30-32 PROACT
II, in particular, recorded only angiographic reperfu-
sion status after the required 2 hours of r-pro-
urokinase infusion. Analysis did not show an effect of
time to randomization (p � 0.94) or time to IA
treatment (p � 0.49) on clinical outcome, but the
study included a preponderance of patients treated at
later times. The median time to initiation of IA treat-
ment was 5.3 hours, and only one subject had angio-
graphic reperfusion therapy initiated within 3 hours
in the PROACT II trial.6,33

Our findings are consistent with animal studies,
which suggest a 6-hour time window before irrevers-
ible neurologic injury.34 In our analysis, the lower
limit of the 95% CI band for probability of a good
clinical outcome after technically successful angio-
graphic reperfusion meets the probability of a good
clinical outcome for cases without angiographic
reperfusion at 350 minutes. However, while this
finding is provocative, it should be interpreted with
caution. A formal comparison cannot be made be-

Figure 3 Proportion of subjects without
angiographic reperfusion
among those with good vs poor
clinical outcome

The graph above shows the estimated survival curves (i.e.,
proportions not reperfused) for subjects with good clinical
outcome (modified Rankin Score [mRS] 0 –2) and those
without good clinical outcome (mRS 3– 6). The tick marks
denote subjects who did not achieve technically successful
angiographic reperfusion by the end of the angiographic
procedure and, as such, were censored in the analysis.
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cause the predictor of interest, time to technically
successful angiographic reperfusion, is not valid for
cases without angiographic reperfusion, which have
no comparable time component. We are unable to
precisely identify a “point of no return.”

This analysis may have actually underestimated
the effect of time by defining the time of technically
successful angiographic reperfusion (TICI 2–3) as
the end of the IA procedure. Some subjects may have
already achieved TICI 2 angiographic reperfusion
spontaneously or due to IV rt-PA bridging therapy,
and received continued IA therapy in an attempt to
get a better result. Our data represent the latest time
that TICI 2–3 angiographic reperfusion could occur,
and these good clinical outcomes may have had ear-
lier times to effective angiographic reperfusion than
this analysis would indicate.

We considered whether time to angiographic
reperfusion related to CT infarct volume as a second-
ary analysis, and found no significant relationship.
One would expect CT infarct volume to be the
mechanism linking early angiographic reperfusion
and good clinical outcome, and additional analyses
did show that subjects with poor outcome did indeed
have larger infarct volumes. We surmise that the ef-
fect of timing of angiographic reperfusion relation-
ship on CT infarct volume may have been more
difficult to demonstrate due to the substantial vari-
ability of how individual infarct sizes in specific loca-
tions affect clinical outcome. A larger sample size
may have been required to show significance.

A further consideration is that our findings were
seen in, specifically, a combined IV/IA rt-PA angio-
graphic reperfusion therapy approach. While there is
no evidence that hemorrhage rates or procedural risk
are different for other endovascular modalities such
as mechanical revascularization or IA lytics alone,
this finding requires empiric testing in other cohorts.
The possibility of a neurotoxic effect of rt-PA cannot
be ruled out in this analysis. In analysis of other (of-
ten quite small) cohorts, however, it is important to
bear in mind the statistical adage that not showing a
relationship is not the same as showing that there is
no relationship, particularly in small cohorts. Patient
groups should be relatively homogeneous at a given
time point, which can be problematic in device trials
in which patients ineligible for rt-PA, and therefore
with other comorbidities, comprise the group treated
in less than 3 hours. Variability should be limited by
considering similar stroke lesions and adjusting for
key confounders of clinical outcome, such as glucose,
age, and NIHSS score. Finally, particularly in IA tri-
als, initiation of treatment may not correspond to
angiographic reperfusion timing due to variable tim-

ing for access, revascularization, and interventionalist
skill.

To summarize, potential limitations of this study
include an inability to generalize to other treatment
paradigms, the possibility of underestimating the role
of time, and an inability to identify a precise time to
reperfusion that provides no benefit. Moreover, this
is an exploratory finding, and it requires validation in
larger cohorts with data regarding revascularization
status.

Nevertheless, our findings reinforce the notion
that acute stroke treatment must emphasize speed.
Angiographic reperfusion strategies that might re-
store blood flow more rapidly, such as mechanical
intervention or the combination of IV rt-PA with GP
IIb/IIIa inhibitors, should be prioritized as the most
promising therapies.10,35 Treatment paradigms that
integrate rapidly accessible and widely available ther-
apies, as with the combined IV/IA treatment para-
digm,20 may be preferable. Finally, stroke systems of
care for delivery of IV rt-PA and transfer to neuroint-
erventional suites must be efficient. Without efficient
transfers, the added time for transfer to the angio-
graphic suite may negate the benefits of potentially
higher angiographic reperfusion rates with IA ther-
apy, as is known to be the case for angiographic
reperfusion therapies of myocardial infarction.36

Further risk stratification, based on MRI and CT
diffusion-perfusion assessments of “physiologic
time” and other parameters, may be helpful for ex-
tending the time window in the future, based on
promising data from the DEFUSE and EPITHET
trials.37-39
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