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The role of intravenous thrombolysis (IVT) in combination with endovascular thrombectomy (EVT) 
for the treatment of large vessel occlusion acute ischemic stroke has been evaluated exclusively 
outside the US, in randomized clinical trials which failed to demonstrate non-inferiority of skipping 
IVT. Because practice patterns and IVT dosing differ within the US, and prior observational US-based 
cohorts suggested improved clinical outcomes in patients who received IVT before EVT, a US-based 
evaluation is needed. This is a quasi-experimental study of a large US cohort using a regression 
discontinuity design (RDD) that enables the estimation of causal effects when randomization is not 
feasible. In this multi-center prospective cohort of patients undergoing EVT, we observed a sharp drop 
(65%) in the probability of receiving IVT at the cutoff of IVT eligibility time window while there were 
no significant differences in potential confounders including age, NIHSS, and ASPECTS at the cutoff. 
We found no association between IVT treatment and functional independence (mRS 0–2) at 90-days in 
patients undergoing EVT, nor in the secondary outcomes of excellent outcomes (mRS 0–1) at 90 days, 
mortality, symptomatic intracranial hemorrhage, first pass reperfusion, or final reperfusion.

Stroke is a leading cause of death and adult disability in the U.S., and of all strokes, 87% are ischemic strokes1. 
In acute ischemic stroke (AIS), rapid restoration of cerebral blood flow to the affected area before irreversible 
tissue damage is key to reducing mortality and long-term disability. Treatments involve dissolving the clot 
with intravenous thrombolysis (IVT) or removing it mechanically using endovascular therapy (EVT). Current 
guidelines recommend administration of IVT before EVT in all eligible patients with large-vessel anterior 
circulation stroke (LVO AIS). However, since IVT needs to be given within 4.5 h after symptom onset and the 
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effect of EVT is highly time-dependent, with better outcomes associated with earlier treatment2,3, the use of 
IVT in combination with EVT for the treatment of LVO AIS has been an area of active study recently. Proposed 
benefits to skipping IVT include lower cost, lower risk of hemorrhage and potentially changing pre-hospital 
routing rules to bring all possible LVO patients to EVT-performing hospitals. As an example, the treatment of 
myocardial infarction shifted from combination of angiography and IVT towards direct coronary intervention 
two decades ago. This shift in practice was driven by a growing body of evidence indicating that this approach 
can be both safe and effective in certain patient populations.

Six recent randomized clinical trials (RCTs) and a recent meta-analysis conducted in Europe, Asia and 
Canada studied whether EVT alone is as effective in achieving functional independence at 90 days compared to 
combination EVT plus IVT for the treatment of LVO AIS4–11. Two studies conducted in China identified non-
inferiority for the EVT-alone approach6,7, but the remaining four trials failed to demonstrate non-inferiority4,5,8,9. 
A meta-analysis of 2313 individual patient data from these six RCTs did not establish non-inferiority of EVT 
alone compared with EVT plus IVT in patients11. One study identified reduced rates of reperfusion in patients 
treated without thrombolysis and produced point estimates that directionally favored combination therapy 
with improved clinical outcomes5. Importantly, due to regulatory challenges an RCT on this question has been 
unfeasible in the US, leaving the question of whether combination therapy with IVT is associated with improved 
outcomes unanswered in this population.

Prior analyses that were inclusive of US-based populations have consisted of non-randomized studies or 
data from RCTs studying EVT vs. medical management, and a meta-analysis of these data suggested improved 
rates of functional independence as well as reperfusion in patients treated with combination therapy12,13. Given 
the confounding effects of tPA contra-indications on the likelihood of these two outcomes and the limitations 
of retrospective studies, a more rigorous study design to address this topic is needed in a US-based cohort. 
To address this question and the differences in practice patterns in Europe and Asia compared to the US, we 
conducted a quasi-experimental cohort study using a large, diverse US cohort with regression discontinuity (RD) 
analysis. RD is a statistical design that enables the estimation of causal effects, and is particularly relevant when 
randomization is not feasible, as in this case. Considering the overall results of the randomized clinical trials, we 
hypothesized that combination therapy with IVT will not demonstrate superiority in functional independence 
relative to EVT alone, nor will we observe a difference in rates of reperfusion in patients with LVO AIS.

Methods
Overview of RD design (RDD)
RDD is a quasi-experimental method and valid alternative to a RCT for estimating treatment effects by using 
observational data14. Similar to RCTs, this methodology addresses bias through its design, minimizing the 
need to measure and control for confounders. In RDD, treatment allocation occurs according to the value of a 
chosen continuous variable, known as the “running variable” and the probability of exposure to an intervention 
changes markedly at a certain threshold. Whether an individual lies immediately above or immediately below 
the threshold is considered effectively random, leading to quasi-random treatment assignment for those close to 
the threshold. As individuals just above or just below this threshold should differ minimally other than in their 
receipt of treatment, any discontinuity of the outcome can be interpreted as evidence of a causal effect of the 
treatment on the outcome. With this design, analysis can be independent of both measured and unmeasured 
confounding effects15–21. This study design has been used to address multiple clinical questions, particularly in 
settings where randomization is not feasible, and its internal and external validity have been confirmed with 
direct comparisons against traditional RCTs22,23. Moreover, RDD can provide evidence of “real world” effects of 
treatments, avoiding potential biases introduced by a trial environment.

In this study, the running variable was time from last known well to hospital arrival. We chose this variable 
as we expected to observe a precipitous drop in the probability of IVT treatment given guideline-based 
recommendations allowing treatment up to, but not after, 4.5 h from last known well. Study participants that 
present just before or after the chosen cutoff will have very different chances of receiving IVT but should be 
largely balanced for other relevant covariables and confounders15–21.

Study population
The study used the data from the SVIN Registry and adhered to the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) reporting guideline. The SVIN Registry is an ongoing prospective, single-
arm, multicenter, observational registry evaluating AIS patients at 12 centers across the US undergoing EVT 
since 2018. Full details on the registry and its structure have previously been published25. Briefly, the registry was 
designed to capture a full spectrum of clinical, imaging, and procedural characteristics encountered in clinical 
practice. All consecutive patients with LVO AIS treated with EVT at participating centers are included.

Centers with a thrombectomy database instituted before the inclusion in the SVIN Registry were offered to 
have their database re-coded by a data analyst to match with the SVIN Registry data dictionary. Therefore, the 
dataset included patients undergoing EVT for LVO AIS before the inclusion in the SVIN Registry (n = 7035). 
Our analysis was restricted to cases prospectively collected after the inclusion in the registry (n = 3609). 
Exclusion criteria were set based on consistency with prior RCTs exploring the same study question (S. Fig. 1). 
Patients were excluded if they were transferred from a non-EVT performing hospital (n = 1803), in-hospital 
AIS (n = 229), wake-up stroke (n = 336) or unknown last known well (n = 115) or missing or invalid hospital 
arrival time (n = 80). In addition, patients who were treated with IVT beyond the 4.5-h guideline-based window 
(n = 50) or had documented exclusions to IV thrombolysis (concurrent use of anti-coagulation, contraindicated 
lab values, and recent history of hemorrhage, surgery, trauma, or bleeding) were excluded (n = 253). Finally, 
given the RD study design, in which only patients presenting close to the cutoff time in the running variable 
contribute to the overall analysis, we excluded patients who presented after 6 h of last known well (n = 224).
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Exposures and outcomes
The primary exposure was treatment with IVT prior to EVT for LVO AIS. All participating centers except for 
1 administered alteplase as the standard dose of 0.9 mg/kg, with a 10% bolus dose followed by 1-h continuous 
infusion throughout the study period. One center administered tenecteplase at a single dose of 0.25 mg/kg 
intravenous.

The primary outcome in this study was functional independence at 90 days, measured by the 7-point 
modified Rankin scale (mRS 0–2). This outcome is the standard outcome for EVT-related studies and was also 
used by the related RCTs. Secondary outcomes included excellent outcome (mRS 0–1) at 90 days, death by 
90 days, post-procedural symptomatic intracranial hemorrhage (sICH) defined using ECASS-II criteria, or the 
presence of any intracranial hemorrhage (ICH)26. We also evaluated the rates of first pass reperfusion after the 
first thrombectomy attempt and the final EVT reperfusion grade, which were defined as eTICI 2b to 327.

Study design and statistical analysis
In RD, the assignment can be “sharp” or “fuzzy.” If deterministic, the regression discontinuity takes a sharp 
design; if probabilistic, the regression discontinuity takes a fuzzy design. Because not all patients below the 
threshold of time receive IVT in practice, we used a fuzzy RD analysis to estimate the treatment effect of IVT 
on 90-day functional independence in patients undergoing EVT with time from last known well to hospital 
arrival as a running variable28,29. The cutoff in this variable was chosen by determining the median time from 
hospital arrival to initiation of thrombolysis and subtracting this number from the guideline-based cutoff of 
4.5 h or 270 min from last known well. In this cohort, the median time from arrival to thrombolysis initiation 
was approximately 30 [IQR 21–45] minutes. As such, the cutoff in the running variable was chosen a priori to 
be 240 min. To determine whether there was evidence of systematic manipulation around the cutoff, we carried 
out McCrary’s manipulation test and found no evidence of density discontinuity around the 240 min cutoff (S. 
Fig. 2)30,31. Relevant covariables that may be associated with outcomes were determined a priori and analyzed 
for the presence of any discontinuity at the running variable cutoff. These covariables included age, NIHSS, and 
baseline ASPECTS.

For each outcome, we reported mean values of them below and above the cutoff and discontinuity at the 
cutoff, which can be interpreted as the intention-to-treat (ITT) effect of arriving within the eligible time window. 
The treatment effect was complier local average treatment estimated from two-stage least squares regression 
approach, where we fitted two linear regressions for the exposure and outcome in relation to the running 
variable and divided the discontinuity in the probability of outcome at the threshold by the discontinuity in 
the probability of treatment at the threshold. Discontinuity was measured as the distance between the two 
linear regressions at the cutoff using local linear regression with separate lines fit on either side of the cutoff in 
the running variable. In the local linear approach, a bandwidth on either side of the discontinuity is selected, 
and the linear regression is limited to this region. Doing so reduces the potential bias that may be introduced 
by variability in curves at time points remote from the cutoff point. Optimal bandwidth size was determined 
automatically using previously published data-driven methods32,33.

In sensitivity analyses, we manually selected different sizes of the bandwidth by 30 min interval instead of 
automatic bandwidth selection. We also replaced the local linear regressions with global polynomial regressions 
of varying degrees. Optimal bandwidth selection and RD estimates were performed using the rdrobust command 
in STATA (version 17, StataCorp LLC, College Station, TX)33,34. The effect of IVT treatment on the primary 
and secondary outcomes measures are presented as risk difference, with 95% confidence intervals. Baseline 
characteristics were compared by the receipt of IVT using the Wilcoxon rank-sum test for continuous variables 
and chi square tests for categorical variables.

Statistical significance was set at an alpha level of 0.05 and all analyses were conducted using Stata 17 software 
(StataCorp LLC, College Station, TX).

Results
Our final cohort from the SVIN Registry included 519 subjects that met inclusion criteria (S. Fig.  1). The 
distribution of patients in the final cohort for this analysis by year of enrollment and by site are presented in S. 
Table 1. The cohort includes data from all 12 participating sites across the US and enrollments were from EVT 
procedures performed from 2018 – 2021.

Among the included study population, the median age was 71 (IQR 60–80), 51.7% were female and median 
NIHSS was 17 (IQR 12–22). There were no significant differences between the subgroups treated with IVT 
and those without with a few exceptions (Table 1). Patients treated with IVT tended to present earlier after last 
known well and have higher ASPECTS and lower prevalence of atrial fibrillation.

As shown in Fig. 1, we observed a sharp decrease in the probability of receiving IVT at the pre-specified 
cutoff point of 240 min from last known well to hospital arrival. The discontinuity in risk difference at this cutoff 
(measured by the difference in intercepts between the linear regressions before and after the cutoff) was -64.7% 
(95% CI -98.9 to -30.4. Importantly, we did not observe any substantial discontinuities at this cutoff point in 
other key confounding variables including age (−5.2 years (95% CI −18.1 to 7.8 years)), NIHSS (0.6 points (95% 
CI −4.6 to 5.7)), and ASPECTS (−1.2 of an ASPECTS level (95% CI −3.7 to 1.4 of an ASPECTS level)). This 
finding implies that the two groups were well balanced on either side of the cutoff, supporting the assumptions 
of the RD design and the likelihood that the analysis is balanced on measured and unmeasured confounders. 
Data on the primary endpoint was available in 444 subjects (85.5%).

Figure  2 demonstrates the local linear regressions used in the RD analysis of the primary outcome. In 
local linear approach, we observe no significant discontinuity in the probability of functional independence 
(risk difference 1.4%, 95% CI, −69.2 to 71.9%) at the threshold and fuzzy RD analysis of the primary outcome 
demonstrated no association of IVT treatment with the probability of functional independence (risk difference 
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-2.2%, 95% CI −119.7 to 115.2) in patients undergoing EVT (Table 2). For secondary outcomes, we observed 
non-significant differences in the effect of IVT on excellent functional outcome, sICH mortality, any ICH, first 
pass reperfusion rate, and final reperfusion grade but none of these were statistically significant (Table 2 and S. 
Fig 3).

In sensitivity analyses, we repeated analysis for the primary outcome using different manually selected 
bandwidths. Given the fact that the efficacy of IV thrombolysis is time-dependent, and the likelihood of benefit 
decreases closer to the 4.5-h time limit, we performed these sensitivity analyses with bandwidths incorporating 
earlier time points. We found no statistically significant effect of IVT (S. Table 2). When we repeated analysis 
with polynomial order with varying degrees, no significant effect of IVT on the primary outcome was observed 
as well (S. Table 2).

Discussion
In this multicenter cohort including 12 EVT centers across the US, we found no association between functional 
independence at 90  days and treatment with IVT in patients undergoing EVT for LVO AIS. Thrombolytic 

No. (%) or median (IQR)

Characteristics Total (N = 519) No IVT (n = 92) IVT (n = 427) p-value

Age, y 71 (60–80) 71 (62–81) 71 (60–80) 0.76

Female 268 (51.7) 45 (48.9) 223 (52.3) 0.55

Race/Ethnicity

 Non-Hispanic White 168 (32.4) 30 (32.6) 138 (32.3) 0.27

 Non-Hispanic Black 148 (28.5) 33 (35.9) 115 (26.9)

 Hispanic 154 (29.7) 21 (22.8) 133 (31.1)

 Other 49 (9.4) 8 (8.7) 41 (9.6)

Pre-stroke mRS 0–1 419 (83.8) 71 (81.6) 348 (84.3) 0.54

LKW to CSC arrival, min 66 (40–121) 259 (79–306) 57 (39–96)  < 0.001

LKW to tPA start, min 99 (69–140) 99 (69–140)

Door to needle time, min 30 (21–45) 30 (21–45)

Occlusion location

 ICA-extracranial 12 (2.4) 2 (2.3) 10 (2.4) 0.96

 ICA-intracranial 52 (10.4) 9 (10.2) 43 (10.5)

 MCA-M1 244 (48.9) 42 (47.7) 202 (49.1)

 MCA-M2 132 (26.5) 24 (27.3) 108 (26.3)

 Basilar 22 (4.4) 4 (4.5) 18 (4.4)

 ACA 11 (2.2) 2 (2.3) 9 (2.2)

 PCA 9 (1.8) 3 (3.4) 6 (1.5)

 Other 17 (3.4) 2 (2.3) 15 (3.6)

NIHSS 17 (12–22) 17 (13–22) 17 (11–22) 0.44

ASPECTS 9 (8–10) 8 (7–10) 9 (8–10)  < 0.001

Final reperfusion grade

 eTICI 0-2a 33 (6.4) 8 (8.7) 25 (5.9) 0.25

 eTICI 2b 119 (22.9) 17 (18.5) 102 (23.9)

 eTICI 2c 85 (16.4) 11 (12.0) 74 (17.3)

 eTICI 3 282 (54.3) 56 (60.9) 226 (52.9)

Medical history

 Atrial fibrillation 114 (22.0) 31 (33.7) 83 (19.4) 0.003

 CAD or myocardial infarction 90 (17.3) 18 (19.6) 72 (16.9) 0.53

 Congestive heart failure 57 (11.0) 12 (13.0) 45 (10.5) 0.49

 Diabetes 163 (31.4) 37 (40.2) 126 (29.5) 0.05

 Hypercholesterolemia 207 (39.9) 36 (39.1) 171 (40.0) 0.87

 Peripheral vascular disease 16 (3.1) 1 (1.1) 15 (3.5) 0.22

 Smoking 69 (13.3) 12 (13.0) 57 (13.3) 0.94

Table 1.  Patient demographics and clinical characteristics. IVT intravenous thrombolysis, mRS modified 
Rankin Scale, LKW Last Known Well, CSC Comprehensive Stroke Center, ICA Internal Carotid Artery, MCA 
Middle Cerebral Artery, ACA Anterior Cerebral Artery, PCA Posterior Cerebral Artery, NIHSS National 
Institute of Health Stroke Scale, ASPECTS Alberta Stroke Program Early CT Score, eTICI expanded treatment 
in cerebral infarction. *P-values were reported from Chi square tests for categorical variables and Kruskal–
Wallis tests for continuous variables.
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therapy was also not associated with symptomatic ICH or improved rates of reperfusion. These findings are 
overall consistent with the prior clinical trials performed outside the US, which failed to demonstrate superiority 
or non-inferiority of EVT alone versus in combination with thrombolysis. Our results represent novel evidence 
to support these trial data using a large, diverse US-based cohort.
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Fig. 2.  Association of intravenous thrombolysis and good functional outcome in patients undergoing EVT.
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Fig. 1.  Association of intravenous thrombolysis and primary exposure and potential confounders. Blue circles 
represent the mean value for individual patients and the dotted lines indicate the cutoff value of last known 
well to endovascular center arrival.

 

Scientific Reports |        (2025) 15:18757 5| https://doi.org/10.1038/s41598-025-03249-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Six RCTs showed similar results, but there were important differences. While the two Chinese trials concluded 
that an EVT-only approach was non-inferior, the other four studies performed in Europe, Australia, Japan, and 
Canada did not4–9. SWIFT-DIRECT found decreased rates of substantial reperfusion in patients who did not 
receive thrombolysis, whereas the other studies did not. Further, some trials required specific devices to be used 
for the thrombectomy procedure, while others had no restrictions5. The SKIP trial administered alteplase at 
the standard dose in Japan, of 0.6 mg/kg, as opposed to the 0.9 mg/kg dose used in the US4. Thus, while these 
studies provide a wealth of information on this topic, their results may not be readily generalizable to a US-based 
population. In addition, due the fact that race and ethnicity may influence this treatment effect, as implied by 
the differences in results between the Chinese and non-Chinese trials, AIS care in the US can be vastly different 
from these other regions.

To date, the highest quality data that included US-based populations were from retrospective cohort studies 
and meta-analyses of these studies combined with data from RCTs designed for other purposes. In many 
of the retrospective analyses, IVT was not associated with improved outcomes, but in some IVT treatment 
demonstrated superior rates of functional independence and substantial reperfusion relative to EVT-alone12,35. 
A recent large meta-analysis found overall benefit and identified improved rates of final reperfusion lower rates 
of mortality with IVT treatment in conjunction with EVT36. These differences, however, were not upheld in the 
RD design, and this difference highlights the need to account for confounding variables with this study question. 
Given the fact that an RCT was not feasible in the US, this quasi-experimental design provides meaningful data 
in a US-based cohort.

One advantage of this study design relative to RCTs is the inclusion of consecutive patients treated in routine 
clinical practice, without strict parameters surrounding EVT eligibility. In the previous RCTs, cohorts were 
limited by age, occlusion location, ASPECTS, type of thrombectomy device, and other parameters. On the other 
hand, this study had a much more pragmatic design. While one disadvantage of using a registry cohort is the 
increased frequency of missing data (14% missing 90-day mRS) relative to more structured RCTs, results drawn 
from registry obtained in routine clinical practice may be more easily generalizable compared to those from 
rigid RCT environments.

Due to its design, RD analyses can minimize bias from confounding variables to a greater extent than previous 
non-randomized studies. Here, we found no evidence of discontinuity among key potential confounding 
variables, a finding that supports RD methodology in the ability to balance co-variables to a comparable degree as 
randomization. It is also likely that unmeasured or unanticipated confounding variables would also be balanced. 
Further, our exposure variable (IVT treatment) showed a sharp discontinuity at the pre-specified cutoff point. 
The magnitude of this discontinuity is similar or greater to those used in other RD studies, further validating the 
RD approach to this study question23,37. However, one of the limitations of the RD design is its dependence on 
a subset of patients near the cutoff point. In this analysis, while the overall cohort size was larger, the primary 
analysis was performed on a smaller cohort adjacent to the cutoff point, resulting in wider confidence intervals.

It is worth noting that the rate of functional independence observed in this study (41%) is slightly lower 
than several of the clinical trials11. This percentage in the trials ranged from 36 to 65%. This difference is again 
likely secondary to the pragmatic nature of the dataset, which captures all consecutive EVTs at participating sites 
including those with pre-stroke disability, who may have greater pre-existing disability and for other reasons 
may have been ineligible for previous trials38.

Our study has several limitations. It is possible that with a larger sample size, we may have been able to resolve 
a very small discontinuity in function independence with IVT treatment. On the other hand, we saw no signal 
of effect in the primary analysis nor the multiple associated sensitivity analyses. Further, it is possible that at 
time points more distant from the cutoff point, there is a greater effect of IVT treatment on outcome in patients 
undergoing EVT39. This is particularly relevant as the benefit of tPA is strongest when administered soon after 
stroke onset. This finding has been demonstrated in prior studies involving patients treated in mobile stroke 
units, in which alteplase administered within the “golden hour” is more efficacious, as well as in the IRIS meta-
analysis40,41. It is worth noting that in multiple recent real-world EVT registries, the majority of tPA eligible 
patients present much closer to the end of the 4.5-h eligibility window. The recent COMPLETE study of 650 
EVT patients reported onset to arrival of nearly 200 min, and the US-based STAR registry of nearly 6500 patients 

Mean below threshold Mean above threshold Discontinuity at the threshold (95% CI) Effect of IVT, risk difference (95% CI)

Primary outcome, %

 mRS 0–2 at 90 days 42.3 25.5 1.4(−69.2, 71.9) −2.2(−119.7, 115.2)

Secondary outcomes, %

 mRS 0–1 at 90 days 32.2 23.4 3.8(−58.8, 66.3) −6.2(−111.6, 99.2)

 Mortality 17.9 27.3 −9.3(−57.3, 38.8) 12.2(−51.3, 75.6)

 sICH 6.7 5.5 8.9(−19.3, 37.0) −22.3(−99.2, 54.6)

 Any ICH 28.4 29.1 −10.9(−71.1, 49.3) 16.9(−74.1, 107.9)

 First pass reperfusion 57.3 47.3 −61.4(−132.4, 09.7) 75.1(−12.1, 162.4)

 Final reperfusion 94.2 89.1 −36.7(−77.6, 04.3) 56.7(−13.3, 126.7)

Table 2.  Association of intravenous thrombolysis and primary and secondary outcomes in patients 
undergoing EVT. IVT intravenous thrombolysis; mRS modified Rankin Scale; sICH symptomatic intracranial 
hemorrhage; ICH intracranial hemorrhage.

 

Scientific Reports |        (2025) 15:18757 6| https://doi.org/10.1038/s41598-025-03249-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


reported an average onset to EVT initiation time of 4.3 h in IV tPA treated patients, implying onset to hospital 
arrival of at least 3 hours42,43. In addition, in our sensitivity analysis that expanded the bandwidth to cover earlier 
time points, we saw so no difference in our results. As such, the findings of this study likely apply to the majority 
of EVT patients in clinical practice.

Here, we examine the benefit of IVT in patients undergoing EVT for LVO AIS in a US-based cohort, and 
we find no association of IVT on clinical outcomes nor hemorrhage rates, consistent with findings of RCTs 
performed outside the US. We also find no association with recanalization rates, nor first pass reperfusion.

Data availability
The dataset used in this analysis is available to all members of the SVIN Registry consortium. Membership into 
the consortium is open to all research institutions as detailed on the consortium bylaws24. Any further inquiries 
can be addressed to the corresponding author.
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