
n engl j med 395;18  nejm.org  November 5, 2026 1841

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Review Article

Author affiliations are listed at the end of 
the article. James C. Grotta can be contact-
ed at James​.grotta@​memorialhermann 
​.org.

N Engl J Med 2026;395:1841-7.
DOI: 10.1056/NEJMra2519017
Copyright © 2026 Massachusetts Medical Society.

Summ a r y

In the past 5 years, substantial changes have been made in the use of intravenous 
thrombolysis (IVT) in patients with acute ischemic stroke. Integrating IVT with 
endovascular thrombectomy, which improves outcomes in patients with stroke due 
to large cerebral vessel occlusion, has been a particular challenge. This review dis-
cusses the underlying vascular targets for IVT and thrombectomy, the increasing use 
of tenecteplase instead of alteplase, broadening indications for the use of IVT, and 
ancillary drugs and dosing methods that may augment the success of IVT.

Timely reperfusion of ischemic regions of the brain by intrave-
nous thrombolysis (IVT) or endovascular thrombectomy (EVT) is a founda-
tion of treating patients who have acute ischemic stroke. The modern era of 

treatment for acute ischemic stroke began with the advent of IVT and Food and Drug 
Administration (FDA) approval of the tissue plasminogen activator (tPA) alteplase in 
1996. Because of its high fibrin affinity and specificity, tPA can lyse clots respon-
sible for most acute ischemic strokes with low rates of cerebral and systemic bleed-
ing. Over the ensuing two decades, randomized trials, pooled data, and clinical 
experience affirmed the favorable benefit-to-risk ratio of the initial trials. For ex-
ample, in a meta-analysis published in 2014 of randomized trials of IVT adminis-
tered within 3 hours after stroke onset, the percentage of patients who had a good 
outcome was 10 percentage points higher among patients who received IVT — 
38% of patients recovered completely and 60% recovered without disability — than 
among those who received placebo.1 The risk of intracerebral bleeding with IVT 
has varied across trials depending on the definitions used, but symptomatic wors-
ening due to brain bleeding has consistently occurred in approximately 2 to 4% of 
patients treated with IVT.1-3

The development of stroke teams and stroke centers to support emergency de-
partment workflow, guideline adherence, telemedicine-guided treatment, and ap-
propriate reimbursement gradually overcame the impediments to widespread adop-
tion of IVT. The percentage of patients with acute ischemic stroke who were 
treated with IVT reached an estimated (but still inadequate) 15% in the United 
States in 2018.4 Although the use of IVT treatment in many parts of the world and 
in rural areas has been lower than 15%,5 training of local personnel and imple-
mentation of telemedicine to bypass infrastructure gaps is expected to reduce re-
gional imbalances. The general recommendation is that published guidelines 
should be followed for clinical decision making in the treatment of acute ischemic 
stroke, and these guidelines have been recently updated,6 a change that reflects 
advances in IVT research and treatment. A major challenge has been to integrate 
IVT with EVT, an effective treatment for large-vessel occlusions. This review dis-
cusses the underlying vascular targets for IVT as compared with EVT, the ascendancy 

Intravenous Thrombolysis for  
Acute Ischemic Stroke — New Directions

James C. Grotta, M.D.1​​

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Ben Gurion University on November 6, 2026. 



n engl j med 395;18  nejm.org  November 5, 2026

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

1842

of treatment with tenecteplase over alteplase, 
broadening of existing guidelines, and approach-
es that could potentially increase the success  
of IVT.

Va scul a r Ta rge t s for I V T

The target for IVT is a clot in a cerebral artery. 
Although not required before IVT, assessment 
with computed tomography (CT) angiography 
or magnetic resonance angiography (MRA) has 
become an essential element of the initial evalu-
ation of acute stroke owing to the importance 
of identifying large cerebral-vessel occlusions. 
Large-vessel occlusion of the internal carotid, 
proximal (M1) middle cerebral, vertebral, and 
basilar arteries comprise approximately 30% of 
acute ischemic strokes, often have a cardioem-
bolic origin, and are approachable by endovascu-
lar stent retrievers and aspiration devices. From 
10 to 30% of large-vessel occlusions will lyse 
with IVT alone, but up to 90% can be recana-
lized by EVT. Therefore, identifying and triaging 
patients with large-vessel occlusion to an EVT 
center is warranted when practical, including for 
the potential use of EVT for basilar-artery occlu-
sion, which is one of the changes in the recently 
updated guidelines.6 However, most cerebral-
artery occlusions are downstream of large-vessel 
occlusions (Fig. 1), involving medium or more-
distal arterial branches, small penetrating arter-
ies, or the microcirculation.

On the basis of several recent trials involving 
patients with occlusions of medium-size branch 
vessels, guidelines indicate moderate evidence of 
EVT benefit for larger-branch (M2) middle cere-
bral-artery occlusions, but no evidence of benefit 
for occlusions of smaller M2 and more-distal 
segments.6 Further research and technical ad-
vances may extend the use of EVT to more of 
these medium-branch occlusions, particularly if 
there is a severe neurologic deficit that may in-
dicate poor collateral flow. However, there is an 
anatomical limit to how far catheters can be 
deployed distally. Therefore, for more than half 
the patients who are eligible for IVT on the basis 
of criteria such as time from stroke onset, it re-
mains the only reperfusion therapy available.

No matter which artery is affected, the earlier 
after stroke onset that IVT is administered, the 
more likely a patient will recover without dis-
ability.1 Irreversible brain infarction (the ische
mic “core”) starts developing 30 to 60 minutes 

after arterial occlusion.7 Previous studies have 
shown that every 5 minutes saved within the 
first hour after stroke onset increases the odds 
of a nondisabling outcome from IVT by 3.5%.8,9 
Such treatment within the so-called golden hour 
is infrequently accomplished when patients must 
first be transported to an emergency depart-
ment. Guidelines recommend the use of mobile 
stroke units that have the capability to initiate 
thrombolysis on the scene of a stroke when they 
are available.10,11

Broa dening Inclusion Cr i ter i a 
for I V T

The initial trials of tPA established criteria aimed 
at identifying patients who had the most to gain 
from IVT (e.g., those with a disabling neuro-
logic deficit), patients most likely to respond to 
IVT therapy (e.g., those who could be treated 
within the first 3 hours after onset of stroke), 
and patients least likely to have bleeding compli-
cations from IVT (e.g., those not being treated 
with anticoagulants). In the past 5 years, these 
original pillars of IVT management have been 
reexamined and expanded.

Stroke Severity

The benefit versus risk of IVT in patients who 
have had mild strokes remains an area of uncer-
tainty. Stroke severity has been measured in two 
ways. First, a mild stroke has been defined as a 
neurologic deficit that would not be disabling if 
it persisted; in such cases, guidelines recom-
mend against IVT.6 However, the extent of deficit 
that would be disabling for an individual patient 
is subjective and varies on the basis of age, ac-
tivity level, and personal preference. Conse-
quently, the decision to withhold IVT in patients 
with mild stroke is a frequent cause of disagree-
ment, even among experienced clinicians.12 Sec-
ond, a more objective gauge of stroke severity is 
the National Institutes of Health Stroke Scale 
(NIHSS; scores range from 0 to 42, with higher 
scores representing greater neurologic deficit). 
The NIHSS score broadly correlates with the 
size of the artery affected, the volume of ische
mic brain tissue, and, if reperfusion does not 
occur, eventual disability. If the NIHSS score is 
5 or higher, hemiparesis or aphasia that would 
be considered by most persons to be disabling 
is almost always present. In contrast, an NIHSS 
score of 4 or lower usually indicates mild weak-
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ness, dysarthria, or sensory loss, and the deficit, 
if it persisted, may or may not be disabling. 
However, disabling hand weakness and gait dif-
ficulty may be present but are not appreciated by 
the NIHSS scoring system. In addition, among 
patients with NIHSS scores lower than 5, ap-
proximately 59% who do not receive IVT will 
have no important residual disability, as com-
pared with 69% of those who receive IVT; this 
difference comes without an increased risk of 
bleeding in patients who receive IVT.1 Despite 
these observations, a low NIHSS score is one of 

the most common reasons IVT is withheld.13 Two 
recent trials explored the effect of administering 
IVT as compared with dual antiplatelet treat-
ment in patients with low NIHSS scores and 
found no benefit with IVT.14,15 However, given the 
poor precision of the NIHSS in predicting dis-
ability outcomes associated with low scores (≤5), 
guidelines recommend relying on a clinical as-
sessment of whether a deficit would be disabling 
if it persisted rather than on an insensitive NIHSS 
score alone for deciding whether to administer or 
withhold IVT.6

Figure 1. Cerebral Circulation.

Large-vessel occlusions occur in the internal carotid artery (ICA) and first segment of the middle cerebral artery 
(M1) and include the vertebral and basilar arteries, which are not shown; these occlusions collectively represent ap-
proximately 30% of acute ischemic strokes and are generally treated with endovascular thrombectomy (EVT) with 
or without intravenous thrombolysis (IVT). Medium-size vessel occlusions are the M2 and M3 branches of the mid-
dle cerebral artery, and the proximal anterior cerebral artery (A1) and its first branch (A2), the proximal posterior 
cerebral artery (P1) and its first branch (P2), which together represent approximately 20% of acute ischemic strokes 
and are generally treated with IVT and, in some M2 occlusions, with EVT. Distal-vessel occlusions represent the re-
maining arterial cerebrovascular occlusions, including penetrating vessels, arterioles, and microcirculation; these 
occlusions represent approximately 50% of acute ischemic strokes and are generally treated with IVT if the stroke 
is disabling.
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Treatment with IVT beyond 3 Hours

Although treatment administered earlier rather 
than later has resulted in better outcomes with 
IVT, the time window of 3 hours that was de-
rived from early trials of IVT has expanded to as 
long as 24 hours in special circumstances. This 
expansion began with trials that stretched the 
time for effective treatment from 3 hours to 4.5 
hours after the onset of symptoms or after the 
time at which the patient was last known to be 
well. Depending on the size and location of the 
artery involved, substantial volumes of brain tis-
sue distal to the occlusion may sustain viability 
if blood flow is restored or remains above the 
threshold for irreversible damage. These isch-
emic but still salvageable regions (penumbra) 
will become incorporated into an irreversibly 
infarcted core at a rate inversely proportional to 
the adequacy of collateral flow. Numerous trials 
and meta-analyses have confirmed that patients 
who awaken with symptoms (estimated to be up 
to one third of patients with acute ischemic 
stroke) or with uncertain time of onset may ben-
efit from IVT administered within 24 hours if 
evidence of a salvageable region of ischemic 
penumbra (an area of ischemia that is larger 
than the irreversibly damaged core) is still pres-
ent on magnetic resonance imaging (MRI) or CT 
perfusion imaging.16,17 A trial of this tissue-
based rather than time-based approach showed 
nondisabling outcome in 44% of patients with 
IVT as compared with 34% with placebo, and 
symptomatic hemorrhage in 2.8% and 0%, re-
spectively.18 These findings support more wide-
spread availability and application of advanced 
brain imaging beyond the time window of 3 to 
4.5 hours to identify potential candidates for 
IVT, but currently the availability of such imag-
ing capability is limited outside major stroke 
centers.

Use of Direct Oral Anticoagulant (DOAC) 
Therapy

A common reason for withholding IVT is con-
current use of a DOAC, because these agents are 
used for stroke prevention in persons with atrial 
fibrillation, a major risk factor for acute isch-
emic stroke. DOAC use was previously consid-
ered to be an absolute contraindication to IVT 
because of a potentially increased risk of bleed-
ing, but recent guidelines regard DOAC use 
within 48 hours before acute ischemic stroke as 
only a relative contraindication to IVT.6 In pa-

tients who have received a DOAC, a number of 
factors influence the advisability of treatment 
with IVT, including the interval since the last 
dose (most DOACs have a half-life of about 12 
hours), renal impairment that prolongs the half-
life, the availability of DOAC-specific assays, 
stroke severity, and the availability and suitabil-
ity of an alternative treatment such as EVT. 
Several developments may help clinicians safely 
administer IVT to patients receiving DOACs. For 
example, point-of-care assays are under develop-
ment to quickly identify patients who have non-
therapeutic levels of DOAC anticoagulation.19 
Pooled data from nonrandomized trials involv-
ing 1342 patients (at 28 comprehensive stroke 
centers) who had taken DOACs within 24 hours 
before acute ischemic stroke have been reassur-
ing with respect to the safety of administering 
IVT; the incidence of symptomatic intracranial 
hemorrhage was approximately 3% with IVT and 
6% when IVT was withheld, and major bleeding 
occurred in 2.3% of patients in both groups.20 A 
randomized trial to test for superiority of IVT 
over non-IVT treatment of patients with acute 
ischemic stroke taking DOACs is underway 
(ClinicalTrials.gov number, NCT06571149).

Co or dinating the Use of I V T  
a nd E V T

A common question in practice is whether IVT 
should be administered before EVT in patients 
who are eligible for both treatments, an ap-
proach known as bridging IVT. IVT can lyse up 
to 30% of large-vessel occlusions but may com-
plicate subsequent EVT by causing clot fragmen-
tation. In parts of the world where EVT is not 
available, the initiation of IVT without delay 
would be appropriate regardless of whether a 
large-vessel occlusion is suspected. Trials have 
shown a significant but modest overall benefit 
in rates of functional independence with bridg-
ing IVT when the duration between IVT and EVT 
is brief (median, 16 minutes) and there is little 
time for the thrombolytic agent to act on the 
clot.21,22 The IVT-to-EVT interval can be this brief 
if patients first present to a center that has ca-
pability for EVT. At least half the patients with 
acute stroke in the United States and other de-
veloped countries present to a primary stroke 
center where EVT is not available; these patients 
are usually transported to a comprehensive 
stroke center for EVT.23 If treated with IVT at the 

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Ben Gurion University on November 6, 2026. 

http://clinicaltrials.gov/show/NCT06571149


n engl j med 395;18  nejm.org  November 5, 2026 1845

Intr avenous Thrombolysis for Acute Ischemic Stroke

initial contact in a center that does not offer 
EVT, such patients would have the theoretical 
advantage of a longer “dwell time” of the throm-
bolytic agent on the clot. Observational studies 
suggest that transferred patients benefit from 
IVT before or during transport, with little added 
risk.24,25 Even when the patient presents first to a 
center that offers EVT, the time it takes to evalu-
ate and treat the patient with EVT is unpredict-
able, and IVT can be given during this interval. 
Therefore, guidelines recommend that bridging 
IVT be administered before EVT in most IVT-
eligible patients.6

Tenecteplase versus Alteplase

Among the biggest changes in IVT practice in 
the past 5 years has been the increased use of 
tenecteplase over alteplase. Tenecteplase, a 
slightly modified form of tPA, has more fibrin 
specificity and longer half-life than alteplase and 
therefore can be given more conveniently as a 
single bolus rather than the one-hour infusion 
needed for alteplase. In the past decade, te-
necteplase has been tested in comparison with 
alteplase in patients with acute ischemic stroke. 
Although tenecteplase may result in higher rates 
of recanalization, trials have shown that clinical 
outcomes are essentially equivalent between the 
two drugs — or at least the conclusion can be 
made that tenecteplase is noninferior to al-
teplase in terms of benefit and safety.26,27 Large-
ly on the basis of these noninferiority results, in 
2025, the FDA approved the use of tenecteplase 
in patients with acute ischemic stroke. Although 
accurate patient weight is important to establish 
doses for both alteplase and tenecteplase, the 
tiered dosing of tenecteplase that was approved 
by the FDA (Table 1) makes rapid determination 
of the appropriate dose easier. Tenecteplase is 
replacing alteplase for IVT in clinical practice 
because it eliminates maintaining an infusion of 
alteplase during transport and thus is more con-
venient and simplifies the transfer of patients 
who have received IVT to centers where they can 
receive EVT.

Other Thrombolytic Agents and Alternative 
Approaches to Fibrinolysis

Newer approaches to IVT are needed to overcome 
the failure of IVT to achieve the target levels of 
arterial recanalization and distal reperfusion; this 
failure results in disability at 90 days in approxi-
mately half of patients treated with IVT after 

acute ischemic stroke. IVT failure may be due to 
treatment that is too late to rescue the ischemic 
core, but other factors include failure to lyse the 
clot, successful thrombolysis followed by reocclu-
sion, partial thrombolysis with distal clot embo-
lization, or failure to reperfuse the microcircu-
latory system. The last of these has been attributed 
to endothelial swelling, capillary constriction, 
microthrombi, or embolic fragments clogging the 
microvascular network.28,29 These vascular events 
may be targets for new IVT strategies.

In patients who were randomly assigned to 
receive two sequential doses of intravenous re-
teplase (18-mg bolus followed 30 minutes later 
by a second 18-mg bolus) or standard-dose tPA, 
the dual-reteplase group had better outcomes 
and no greater amount of bleeding than the tPA 
group in one trial.30 Alternative approaches to 
enhance endogenous fibrinolysis are under in-
vestigation. These include von Willebrand factor 
inhibition (NCT06226805), alpha-2–antiplasmin 
antagonism (NCT05948566), and induction of 
conformational changes in plasminogen to in-
crease fibrin affinity (NCT06990867). Phase 2 
trials are targeting patients who receive treatment 
late in the target window of time for treatment 
after stroke; the appropriate strategy for how such 
later treatment might complement or substitute 
for IVT or EVT remains uncertain.

IVT Combined with Antithrombotic  
or Antiplatelet Agents

One logical approach to prevent reocclusion of 
vessels after successful thrombolysis and to aug-
ment distal reperfusion has been to couple IVT 
with antithrombotic or antiplatelet therapies. In 
general, adding antiplatelet agents or anticoagu-
lants to IVT has resulted in increased risk with-
out benefit. A phase 3 trial showed no benefit 
and possibly increased risk of hemorrhage when 

Table 1. Recommended Doses of Tenecteplase for 
Persons with Acute Ischemic Stroke.

Body Weight Tenecteplase Dose

mg ml

<60 kg 15.0 3.0

60 to <70 kg 17.5 3.5

70 to <80 kg 20.0 4.0

80 to <90 kg 22.5 4.5

≥90 kg 25.0 5.0
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the direct thrombin inhibitor argatroban or the 
glycoprotein IIb–IIIa antagonist eptifibatide was 
administered with or immediately after IVT, as 
compared with IVT alone.2 In contrast, a trial in 
which tirofiban was added after IVT showed a 
higher percentage of patients with excellent 
functional outcomes in that group than in the 
group that received IVT alone, and tirofiban did 
not increase bleeding risk when started within 
60 minutes after IVT.31 Further study of anti-
platelet drugs in conjunction with IVT seems to 
be appropriate.

Alternative Dosing Strategies

Providing sustained thrombolytic activity by ad-
ministering multiple doses of a thrombolytic 
agent either intravenously or intraarterially is 
another strategy to achieve higher rates of re-
canalization and resolve persistent distal or mi-
crocirculatory occlusions. In two trials, alteplase 
or tenecteplase was infused intraarterially after 
successful EVT; patients who also received bridg-
ing IVT before EVT were included. Outcomes 
were better among patients treated with intra-
arterial thrombolytic drugs, without increased 
rates of bleeding, although deaths were inexpli-
cably numerically higher than in those who did 
not receive this treatment.32,33 The use of two 
sequential IVT doses has been investigated in a 
nonrandomized study in which MRA was re-
peated 1 hour after administration of a full dose 
of alteplase; if arterial occlusion was still pres-
ent, a full dose of tenecteplase was adminis-
tered. As compared with matched patients re-
ceiving only a single dose of alteplase, a greater 
percentage of the patients who received the ad-
ditional dose of tenecteplase had 24-hour re-
canalization (82% vs. 65%) and excellent nondis-

abling outcomes at 90 days (69% vs. 44%) without 
a greater incidence of bleeding.34 The pharmaco-
kinetic features of tenecteplase35 suggest that a 
second full dose might be safe if it is adminis-
tered after an initial dose; this dose scenario is 
under investigation (NCT06801054).36 Because 
the circulatory half-life of tenecteplase is 22 min-
utes — and given that the second tenecteplase 
dose would not be given until at least 60 min-
utes (approximately 2.7 half-lives) after the first 
dose — only approximately 15% of the initial dose 
would remain circulating. This amount would be 
equivalent to a second dose of 0.288 mg per kilo-
gram of body weight, which is within the ap-
proved dose range.

Conclusion a nd Fu t ur e 
Prospec t s

The approaches to the use of IVT, the most com-
mon treatment for acute ischemic stroke, have 
evolved and will continue to do so. More pa-
tients will probably receive IVT owing to easing 
of existing exclusions, expanded availability of 
imaging and treatment up to (and possibly be-
yond) 24 hours after onset of symptoms if there 
is salvageable tissue, enhanced prehospital diag-
nosis and treatment, and extension of resources 
to remote or underdeveloped regions. IVT out-
comes may be improved by resolving persistent 
arterial occlusion and impaired microcirculatory 
flow by the addition of new fibrinolytic agents 
and multiple dosing strategies.

Disclosure forms provided by the author are available with the 
full text of this article at NEJM.org.
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Key Points

Intravenous Thrombolysis for Acute Ischemic Stroke — New Directions

•	 Intravenous thrombolysis remains the most common reperfusion therapy for patients with acute 
ischemic stroke.

•	 Intravenous thrombolysis and endovascular thrombectomy have complementary vascular targets, and 
appropriate treatment should consider both options.

•	 Updated published guidelines provide new evidence-based recommendations pertaining to intravenous 
thrombolysis administration for treating patients who have had minor strokes, who are receiving 
endovascular thrombectomy, who present more than 4.5 hours after symptom onset, or who are 
receiving direct-acting anticoagulant therapy.

•	 Tenecteplase is replacing the tissue plasminogen activator alteplase because of its convenience and 
equivalent benefit and safety.

•	 Newer fibrinolytic drugs and alternate dosing strategies may yield improved outcomes.
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